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frsBS iptsai ia ©ttes-gy# tts ytsalts ®f #il§ txpttisifltt shtaldi !» fiigRlfi©i«t 
m a ©tl4britl®« ®f ftftfsiiwf to itafi##, aid 
at a p&Mtimlm- t® sw# as » thtek p©int In *lie 
®f iftttisatinn -ttoeerr tt mmlMimi, 
IPid t^y aM «3q!)«irla t^ wiili s«wi 'ta toiieatt tii.st all steppiNi 
nsfttivt pi 9km%i b# atostrl^  bf awl«l ©f -ii# wilsidnf 
ing-iii itats, straff ti iliit ® few iteays fi?®« 
liefitlw pi h$m fe#«» lhast evma «P» its«ribad mi 
analyxei in cai8pt«r f'Hie ddGtyt pai^ aps M.leatt aiionaly in ttte 
ateni# tranaltieni a i^oirptlta t^ 
tea 0f t« 'iatt ®f «»0l»l®a to*ettlfati®Ei hm@ 
fx-ta iataiiad' atwiy 'mi etneiwaltwi #f tlgnifleMt sliifia «yi»its» 
a fJjifla pmplmin§ «v t^ baa itd t® Ilia •<Jl»e@vaary ®f mm |^ e»<mMa» 
Siieh wa« ta$« wi#i Ao iiypaf^ Bs \mmi' im 'iii»il.'tat S-lfiflt 
«v«»ts jralt^ "Ifee wfti.fiiaf tiiii fcyptsyfeapiiwia mA 
atefie mmt9 rasnltai ift p®s|tt¥« mmm*: |li« iialntep-atiftii ®f a 
hyj^ arfrtfitftt is immihwi in Qiaptar IB. ifcla piftlewlai? «v«Rt i« in-
itsreatiiif In ttiat ^antttativt ©iMiel«sl®»s Mmmmism Q *alitt ®f Urn. 
hypajtfjptfa i^it mi "Wia Maliitf iiti®*fy ®f fha Ao hyptwii »ay 
be 
§i«® p»«tpl«sii»f -aviiita eattainly araiae a qmwtim 
tht |^ ®n®««ia #«6Wtl»f I aiMi ptiliaps i.iidi€it« « aiiiw«r| ajre dtsetiteti 
in {^ aj^ tai' ?fl» 1^#s» avwats .ar© Im mmm$ tw®-f3e@ng«<i,. e^ l^anair 
«®6®i*ia*y «t«t fww hl#i «B«ffy prliiay atari in M«ilaion| #i:#y ata 
»®t axplatisfi §• teattieeliifSt abtttptitiiti m iacays •# itwiiwi pattieias# 
•Ihay «« e®Rsl®%ti*t ^a liyi»tii«ft® 'that axltts m iamtar ®f 
4 
<1 
Ur lAleh his ® lif«%i»e agtinst pr#.to» «IISSI©B ®f the m4m ©# IQ ' 
seconds* Ko ;iif su$h a t?«ii@nd&ttsly l#nf lif ttlae is 
fh© dtseribed in th®st ©h«pt®y$ Inmlm 9mm»l ®f 
awiltl#!* auaiysis. It is h®p»d liiit th® ?tp®xt» fiven «ay fet ®f vai*» 
not ©nly f»r -tte eoncXusltii® ©bitifttdi bwt tls® is tKiivilti ®f th# 
aaalytieil ttihuiqwts appli«d ®fid tht letwsey ^it my b® tsesribtd t@ 
fSSIlltSy 
5 
II# fflfStAi w HICK WiSlOi' 
'|li@ iifnifiesat ^ptftiet ©f nwleur «iu|fltft are ^ttttaiiited « 
reltilvtif few fa«tsi i^l^gpeai^ie MMilsl®a Is ftlatin l#a<l«d with silver 
halldei j^twarlly bim«lde| ihe ieas4% .@f #i® «®«t etwiwiiiy -iisti 
mmlmr triek mmUims i.s |.f ft«$ jptr .:aitelc eentlaettrf i 
l^ article ttmm$m mmUim eauMt mmf tleetrtns M Nt 
trappwi In lii# tllver halMe ttyft®l« tlenf Its tr®J«etiiry| €hmiml d»-
ireltpwit w&4mm sme ©f tJ*#s® €ryst«l« t# « ttaek #f silver fralnsi 
Alch «ffly li# @l9«er¥ed twier 'the »l©*®t©tp«» Hie iprlneipai i«lfanta§#t #f 
«awl«l©n deslvt fr@ii Its high d^sltyi mntlmmm^ seasltlirltyi tiid 
»itl® rt©irdliii ®f th» prlnelpai dlsaivantafss 
r#««lt ^fr&m -iie tftv«sity tf «l«iwits tht variability #f 
©hariettrlitles ttm « w i i l .il®ii, a w i  'ifce weed f@r a aicroseope 
t® eKtrift liif©»itl®ii» 
hi#i <i«iilty @:f wxlsloii «««««§ l@ftltlB$ partleles t@ «ei^ 
t® rest t» a tlae thert «$fl|pwir#i 'to 4m&f ll#«tl«»s, Sipwailnf ©n ©harf#, 
«ai:«, aiiii laliial enerfy^i la*# l$m& re^Mlrti to i®is ail fclaetle astrgy 
for a partlsl# liileh. staps Is ate&wt 10*"^^ t© 1#*^^ s«e®i(is# Slae# 
*10 WRttafeie <?hars»d partlelet haw llf«tlaie« #f aki^t I©' - *<w»»cia ©r 
tefffir, #b«:^ed deeayi are usually tmm teat* .A $m4 mas^le v^ere 
lyhts Itek #f ««ittr @f »aes »as»<®twi has Mm. tts»f«l l» #ie fttidy ©f 
,d««ay ®f t 'feyperw t« a proton and a iiewtral plea* Ifee mlslen 
frettps it Irla^l, fadwai illi«0iiilti, and fata have ettaMlshed ik* deeay 
^4* ® ' jl ##»«© C->" P • Ill's" 2) ,i«v fwm miy eleven tv«^t«. ' Ihe een-
%l^ rnmm tHielear Wivalea. »r®&eedli><asef ^e lim teanal losliftttet 
Clarence (latersclenee P«bllsher§. iMei.. ««> fork, imSl, m. 
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111* mmm 
rnmlsUm Is mt m mmt mimm* isr-wti fiw ip»*#ei.stwi 
«l©t®t©©p(tS| 9dvmmd tmtiimntSf m4 H§m®m 
masming @m til ii«ei In inalyil«| md #1 
mmt$ in maUim* f«t, ike »f tht ftawutt ts IMj! 
®f mm%% is Ifet biits tm ill lawHsisn » t^k* @fi^p>leK 
ind e0iqp>arls®fit nviNiii^  natSf eharg-ti ind mtx'fy 
mm@t b# t® i«y bttt t vmf tm tf l*a®ks in m «aMisi#a., 
f*a#i«5p»9tti ife# «««i §m pjrt««sstns aai handling wtislent 
d® n«t yltl4 ps3rf««rtlY e»»st4»t ftiiiits* i@ »»# f§% hm tweetsisi' la, 
^«irtl9|i|jii firain tiAifsxm diev«t#pMiit.| 
•and wliilaal dlstwrtieii #?t?y tin®* Nwtir*fci«ltt®| « liscf# be# @f 
t#©liia.^ u« bat h*m 'ditvtltptd e©»|#littly by mmf wmkmM* tstiif 
bsst #f "Ibif #!»#• aiy ©btato Qwltt rtasonabi# 'jetsttlts in 
p3r@etfilnf| bandllnf I analftii @f It it ^ ipitslblt 
xmlm til sifBifistttt wmk im mmey Inwstlfafer ha® fafcarll# 
h&is4lf an •xptsrlwmtal ifpe-itt bat mm ®©iittllmtl@iis and-
®Iiiai®iis 1® Md  ^'Ifee wttllJi tf aiat«ial availabla# Hnwevw, a brief 
«lli©iiSii®ii tf s»t principal t##a4Qae» a«i slirjlfissr?c® 
S®»e p«ttieiilarl|r mminl rtfattweti at# fiiMW* 
pmdmmtsl t® muf Mittlaiwi atwly ta .pifoper pst^tasinf and bawwiltnf • 
lb:® m^Ummtu a»t sttlnfW'li ttia iaaisei deft## ®f ifvtlepwmt wmt 
bt attaiiad wlftMily #i« pltitf #lt%»tti©n awl be t# 
a fflinimaai tfe® «wlsl®iia ««»$t b# wistainti aad aechaiilcallf •tabl#| 
tiN;i®iaatss ani ftr» ttstd wst b* -©jp t^tiblt wii|h ie$ii?«4 
10 
It is ©itm mt p®#slfe|t lm satisff all esei-ltrlti m 
it# MIAI t® tifcaii## ptrtlsaltt .|l®st «r« 
TOilfleati»iR» @f #1® im 4«¥«i<ii3t3f 
I ®l Bi4wjrtli| ®eelii«.li»l| t»d piiftlewlatly 
vai«tfel® iw4 >i«v« Istttt »ai# iy ©aini^ai -(Sittlktr, 
and jtoekf Uiit a®l&fd liivtiwi w# ®f a i«v@lopiftf ®f*t *fe©s« 
fm 4iitmim wi diwti®|>M«at tie# tw«h -Witt 
©did 4m@l@pm »dll #il(gk «rowl»t®iit with litilt r«dii6ti®ii 
©eewjrliif, |ii@ fmm teld sitft md waaa^, t® 
a p>»ef®d# «»t abse^bed 
#» d<pr«l#p«ie l« m»mly universal* ««af »dlfl€atl«wis ®f 
trifliiii p3»eiJis •!»« in iiit| taut tti# prtoclpie tf e#id dlfftttt®w 
mmm d#v#l@|«B®»t te tfetitiw' grate dintity '"ttilek «lsi<wis 
It wtiinei# 
It is @ft«i ®# to e*!^«s« •%««!;« @f stci|^d 
ptliiclts, s® that traets ®f ptrfelififtt m9 tt®t i®«t IB iattfvtuliif 
glatd iKit pi^ettsteg |!i«i takas @ii an added dtg^e of dilli^ity^ 
ttat @f diai«ii#ie«ia:l itaWllty m ti^y®daeibiiS.ty wbll# 
iRf .dlst®?ti®» t® a ainiiww# A vwy det®»t,ptt@« »f ©ne swge«it» 
ftti »e-th®d is flvtu. by ftlllir, Shapiro, aai Piartliitnt dis* 
eiifsi®ii. ®f pi®fel'«i# liiif®lf«d and eertalu .•®lMti®ii» • to mm pf®-
^-©eshiillfiii tad P«fii#| iate# lOI Clf4fi|* 
% aiatiMn.| iattik®i'|. aad I^efe., Phil, »af3f6 C'lfM). 
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Tmlmi aftieles fii#i «f %.9m Bei$tt Md - In 
a«y eas®, itttwtea-litBt ly se«tt«wl»f swlftsr twm 'Hi® *i®w 
»i statlstitt !#»• s-tatistle fer ttih Siinaal rttlli-
«f ^mk i«R8#i §*« wsttalty ii«e©»t.t*y t# «ak« itttSMtttiiitiii @f 
iBil' ilfitifisaiie## 
rwft #1 a p«jrtl@le m th« mltiple teattttlftf 
dtptaif #» A AlJPi mmm«t l« avaliifei® liittli l« 
lni^ fa^«at ®f mum ani mhf m vtlsetty iBai iti'ttf®. 'Ifeit 
lanisw Is #i« lonizatiGii ©f • parfclelt* It It «ie •s©i#l»atl«n #f t«® 
.«f #i#s« »ta8wr®i! ^at «ll®ws «i«%ea«inati«' ©f p«rti€l« nass| 
tht te«tt i}0 i^iiatl<0ft m fti# «f «»•• #¥««%, iBi© leiiftili 
®f 'tertek airillibl«| @f •«*« and so f©tth» I#iiifatl@ii. 
ffleiswr«ai«at» fir®a ^wa®# @# tni aeittartns In #iat th# feiweir 
deptiwJs ®n #f itvtldfmtiii 'wlnil# -fh# iatta* tw® ©aly ©» 'iit 
ftiwgfery @f a lir«ek» %m prttttis# this ilstdvaattf# is «®t« than e@ap«n*' 
s«t«d by #»# fatt #iat il»tiwr%i@n Is km€%w t® ealiteait «»,an 
Hit i#st atemrat# -«§»£ mmnmrnm  ^ (ntt ta tot 
^%th Mst aislpwfflits fmm peatttiatei mmt 8#«itti«8| »« ««da fey Uta 
4«@#»liy '©altteatad «ii^ a*i$«ii @f tttliwal »«»§• aid i®iaiaatl«n f«f Itnf 
tra#k»» 
Sff«ral tRiltfs ©f l«Rt.s*tt®ft ai-# aviilablai fraln blufe 
eotmtf fap (i@»t|..gap dimaityi aiul &««iy d-imslty 'Havt 
lav# m4* Phyi* |4,. 213 CAfl2|, 
.!»• »Wf»ttelttr S®1» If IM ClfSI)# 
14 
8ll ustd* #)• Iftlllties «V3lial&l«.| tb« 
#1 •%# paftlei#! #i® pmpmm t® 'bt t«nrtii' 
tf fk9#« m^&iM awf be feuni 'In llt»aratuir«| mity 
mimmmm af# fivw in tih© jp^ni^ fs niaitte i^ pxevtously, |t 
8b0ti.l4 b« wliilt mm® b« mtdturfi by ms .^arii^ it 
@f idnisafltn w|^  i^ anf^  m featfwinf^  «iliairf« wty be miasiirtd wicptlf 
by i®»l®ttl«n A picrlifIt wt#i •eeii.stiRt leniiatlw «* ttiws alat* 
isisB. Iii6 @bitxg« iv fm' ^attitltSy fb^aprgt 
aii# .Mtst 'be aia<lt by iA  ^ariuife 0t seatttx-lAi*, 
Bie jrtjpM #f |#«6ii grtlni mx It t 
•t»ti«tic) imi <@1 iMtrtlled imd ®f lcn@i«* 
tW'mk ftnllliratlwi hmm Mie tdnixitlmi' fwias«»«a@nt$ a fmiidaimtal {itit 
•f i^ @ sMlfils #f Mti tmulsion ffWt#* 
•ftit »i«ilftljRf slgBlfieawt pm^m^ ©f an t*«Bt 4s lt« 
Inei'tiied la Hils tmm &m ««eb Itw# m iiiteatMtit»» m itfays 
at m4% ©f ^a«ie.t| utttleat Inttiractlont in. f|||^ t..|. m4 #ke infles' 
b«%«»#in tiratiet* "Sh.# #@»iif|giit.ttl@ii tf an #ftM will .in l^eit®  ^
mmm%. «f lit* mmsmmmtn whi#! tuvtli bt 
Mile '!••§« I W * p «» t |}i.e is&nfiguration tl m wfmt laq t^ts 
sf¥et« IMti #R. p#$sible by]^ btf#i m mmm^ It bt 
meiitliMiei tb4it '^ 9 etnflgtitst&sii 0f m fvent 1$ tbe tiily in 
mmlMim miit i« #» @hatgt» - iteltlple s@attt»* 
liif and l#Aliail9n teittlts d« Mt field ^ is sipi*' $ifi@e tmitioni ai^  
'R©t tine 4^w4Mt iwlett fas. mti coincidtM* tbe traje t^oxy 
tf a parli^ tilaf- pattltle 'in a Mpttl® field be ielifie  ^If tevi^ al 
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IV, TOE R«GE DISmHUTIQU OF POSITIVE W MESWS FROM PI mm 
DEJAY IN PHOTOGRAPHIC EWlSiai 
A# Introduetion 
lohr strafgling theory^ predicts that a froup of »rMjenergetlc 
partlclet (»asslvt eeia^ared to ®lectr©ns), s#ien brought t© rest hf 
ionization and excitation, will have a noraaai rang® distribution# Ihe 
positive p<®eson8 Iron »-«eson decay in photographic «uI«lon form such 
s groupt 
2 Corrections to Bohr straggling theory have been considered by iewl® 
3 
and Syiwn* Ihelr result® indicate that the range distribution should 
show sone negative aiyw»etry (short range till)| the amowt ©f wihiGh de­
pends on massI energy, and stopping material* B^ese treatments are 
A 
similar to that of the Landau effect. A small n»ber of collisions wl-Oi 
relatively large energy loss play a do»lnant role In the straggling* 
These theoretical treataents use the assui^tlon that tt»e velocity of 
an Incident particle Is large coapiffed to the K electron velocity of the 
stopping material (p » 2/137) * The ^  '-raesons from w decay have « •27, 
The K^shell velocity for silver Is » ,J4| breradne it Is % 
as Ihus .the theoretical 'treatnents do not hold for -Ube ji-^eson 
straggling* Hence it is of particular interest to deteiwlne experlmentaily 
&)hr, Phll« Mag# .M, ^l {lfl5)| Kgl. Danske Vldenskab. Selskab, 
Matt-fys. Medd. Nr. S U94S), see especially p* 13©, 
%, W. Lewis, Phys, lev, 20 (1952). 
R, Symon, Ph,D, dissertation (Harvard University, 1948). 
^L. Landau, J, phys, (U»S.S*1.) t, 201 (1944)* 
i7 
the magnitude of asyawttry f&r ttie rang# distribution. 
Another possible sourc® of deviation from a nonnal distribution Is 
knom* Ihe WH»eson m@y decay by an alternative »dt 
V*-^ |t* • V • (1) 
S 6 Exptrl»«nt and theory indicate that -ftis radiative wde has probability 
of order lO"^ cora^ared to normal d«6ay« Howtvtr, the oxportoent cannot 
dettct radiative decays whtn th® ^ nneson rang© Is In the wain body of the 
range distribution! th® thooretlcil ©stl»®t« given is tihe probability of 
radlatlv® decay leading to a ji-aeson of less than 3»5 Mev (range less than 
^4^ microns), Hius neither theoretleel nor experimental treatoent of 
radiative decay has been applied to th© main body of fi-ranges. If -tite 
radiative decay probability was appreciable for ev«its In tails range 
region, the ji-^esons were not fflonoenerfetlc# Ihe reswltant negative tall 
of energies would cause a negative isyametry of the range distribution# 
fh«s, If the experimental dlstrlteition Is sywetrlc, It aay be conclttJed 
that the branching ratio of radiative to nowaal decays Is Insignificant 
aiaong l(X)0 events. 
The investigation of the range dlstelbutlon has %m main purposes. 
Tlie first Is to determine rttether ilie distribution Is nojraal, and especially 
si^iether it has negative asyametry* iMs deterialnatlon will Indicate the 
F, Fry, Phys. Rev, 2|., 130 (lf53). 
^T. igwchl, Phys. Rev. 943 (19§2). 
It 
magnitude of Bohr and JUndawi effects for a situation ) 
that is difficult to treat theoretically# Also, confiraation of the low 
probability of radiative w«f, decay »ay be obtained. The second purpose 
is the accurate deti^aination of the distribution nean and standard 
deviation 05 of particular interest is the straggling par«aeter p » @/jt, 
for this ratio is dependent on the identity of stopping aat^ial only, 
Independent of the stopping power. 
Ihe ranges of 1000 jtHraesons from Tr^eson decay in Ilford C-2 200 
7 
micron ©nulsion were carefully measured. The distribution obtained shows 
no significant deviations fro® normalltyi no significant negative 
asymmetry is present. The estimates obtained for the paraaeters are 
p ss * *11) percent. 
No ataftomally short {i-ranges, from the radiative decay of a ir-«eson, were 
found. 
I. Procedure 
The TP-f. decays for this Investifation were In two Ilford 0-2 eraul* 
sions, 200 microns thick. These plates had been exposed In a spiral 
^ » 597 • 1 microns 
o » ;^..l + 0,7 microns (2) 
®, Experimental Mettiod 
P. Fry and G. R. »ilte, Phys, lev. 207^(1953). A slight 
change, discussed in Section B»J, has been aade In p| the published 
value was p « (4^06 ± fcl2) percent. 
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orbit spectr©m®tex to the Berkeley cyclotron by 1. Sagane. Biere were 
alxjut 800 tr-^ decays in each platef 750 ranges were Measured In Plate I, 
250 in Plate II. Uie tm staft nlcrotteter screws ©f a Gotke, Troughton, 
and Siaras .M4i005 microscope were the basic standards for all aeasureaents. 
The Biea«yr«@nts were made using an lOOx objective and IOK eyepieces# 
Since low energy ^ itHweson® scatter appreciably in emulsion, it is 
quite important to aeasure the range along -Wse track, rather than the dls-p-
tance between end points. To this «nd, an eyepiece @f 62,1 micron® pro* 
Jected length was used to step of# successive segnents of a track, This 
reticle had been calibrated against the stage rolcroaeter screws, lOhe z-
projection of each segment, toj, was aeasured with the fine focue 
calibration of the microscope. By assuming a shrinkage factor S, -ttie cor­
rection to the squared horizontal length of the segment could be 
made# Bie stage micrometers were used directly t© step off smaller seg-
nents of hl#ly curved portions, to weasure sections Including large angle 
scatt^lngs, and to obtain the residual length after the last full reticle. 
Since the plates had been exposed and processed by Dr. Sagane prior 
to the Initiation of this study, the correct shrinkage factors could not 
be obtained by direct measurement. Therefore the vertical components of 
track leng^it were calculated using a shrinkage factor S arbitrarily taken 
to be 2,7# If this assumed value were Incorrect, the ascribed length of 
a track would be statistically correlated wil4» the dip angle, lie linear 
normal regression analysis ©f statistics was applied to the ascribed 
ranges and the dips of tracks. The results ©f this analysis Indicated 
that there was Indeed a significant correlation. Furthermore, by Ihe re-
quireiaent that the correlation between dip and true range be zero, coi^ 
rectlons to th© assumed shrlnkag© factor S wer® ©btalned for each piate. 
Correctid lengttis for ill traeks were ealeulated using the corrected 
shrinkage factors. 
Ihere tre tiw alternatives for utilizing the corrected ranges. For 
7 the paper of Fry and Ihite , these ranges were liaaped Into a single 
sas^le distribution of ICDO events. The tests for a normal distribution 
function and for negative a$yw©try were applied t® this luified saaplei 
the parameters of Interest were obtained from It. Because of possible 
variations in the stopping power of e«ul$lons, a better method viould tern 
to be the gro*J|»ing of corrected ranges into separate distributions fro® 
each plate# Ihe tests can be applied, and ttie parameters estimated, 
independently for each piate. The nu»erlcal difference In the resultt 
©btalned is trivial. 
there are several advantages in the us© of thin C-2 emulsions fox 
accurate |t-®eson rang© measur«ients. "flte tracks are nearly in the plane 
of the Mwilsionf hence ike effect of shrinkage factor fluctuations and 
errors Is swall. Ihe distortion ©f milsi®n| #jich processing always 
causes, Is considerably less than for tttlck plates. Ihe difference in 
grain density between a stopping inmeson track and the subsequent jt-meson 
^track Is appreciably greater than for electron sensitive eswilslons^ This 
facilitates tw-Ot IJte Identification ©f wents and the l©catl©n of the ex­
act decay point. 
The advantages obtained by the aeasureaent ©f large nuab«rs of ranges 
n 
In single plates are 'Obvlous. • It Is certainly trwe that fluctuations in 
thrlnkag# and variations in stopping powor will b@ less within single 
platet than they will b© froa plate to plate, 'therefore it is quite 
reasonable to plaet sBore confidence in the eKperlraental distribution from 
a single plate, liiin in a distribution of titie same number of events ob­
tained In several plates, 
Ihere certainly is a disadvantage in »easuring the shrinkage factor 
by statistical analy«is| the necessary recording of detailed data for 
each track segaent, the calculation of'the statistics, and the subsequent 
correction of etch segment length are quite laborious, these tasks' could 
not be avoided if -Utls were to be an accurate experlaent, for there was 
no other apparent way of preventing errors due to Incorrect shrinkage 
factors, there are co»p«nsatl©n8| however. lh& uncertainties in the 
shrinkage fac1»rs obtained (• 0»13 and + 0#23) are of ttie same order as 
the uncertainties from direct measurement. Also, a corrected factor Is 
obtained by an averaging process over all the iBeasurements in a plate, 
thus the correction Is influence by any local deviations in the plate 
and by any huaidity (hence shrinkage) fluctuations during the weeks of 
aeasuTMient. the'corrected shrinkage factor is thus the average over all 
areas of the plate for all shrinkage fluctuations. Finally, ^ e calcu­
lation of shrinkage by correlation wl^ range r«»ve8 any systematic 
error in the fine ^focus calibration of the microscope. 
'the mm range obtained will 'be shortened due to the estimation of 
the arc length of a track segment by Its chord. Stost segwents'^ were 
measured wltihi the 62»l'fflicron reticle. If the sagltta of such a segment 
22 
was 2 mlcronsy th@ arc was «bou% 0*3 percent longer than the chord. 
Therefore th® laean range ©btalned (59? + I) hat be#» shortened by about 
2 microns» However, this effect is neglected for two reasons. Such a 
shortening will always be present In range neasureraents, so experliaents 
can be compared without requiring correction. Ihe parameter p contains 
this effect «lso| however, 0»3 percent shift In the value (4»84 1 11) 
is small collared to the uncertainty. Since the estlaate of this effect 
requires a crude approximation, that the average sagitta was 2 aicrons, 
the result is deemed no better than an order of laagnltude. Because th# 
contribution to the aean is unimportant and •tihe contrlfcwition^ tJ»e 
strafgling parameter appears nefliglble, this sagitta error Is neglected. 
The lateral aagnlflcatlon of the lOOx objective varied with depth 
In -0116 pulsion# Eepeated calibration of the eyepiece reticle gave pw-
Jected lengths of 61.4 • #3 Microns, 62»l * ,3 microns, and 62,8 #4 
Bilcrons for the top, median, and bottom planes respectively of a 2(X) 
aileron wiilslon. This effect is attributed to the different indices of 
refraction for gelatin and luwerslon ®il» Since the calibration In the 
median plane was used, this variation caused n® shift of the mean range. 
The contribution to the standard deviation was about 2 raicj^ns. The re­
producibility of measurement on a single track was checked by repeating 
-Wie Mea8ur«ent of randomly selected tracks. Froa these data, the standard 
deviation of IJje Measuring error was estimated to be 3 mlcirons. It should 
be noted that this estlaate Includes'the effect® of hwldlty fluctuations, 
since'the'second measureaent was made long after the first. This error 
also did not affect 1416 mean' range. Since litese tm so'urces of error are 
23 
independent, their combined contributl©n to th© standard deviation of 
the range distribution was ab©ut 4 Microns, 
Froa the considerations discussed| it is concluded that the experi-
«entai aethod used gives the distribution parameters with a$ high pre­
cision as can be reesenably attained using available emulsion techniques, 
C, Linear Regretsion 
I* Statistical theory 
8 
Ihe theory of noraal linear regression Is described by Mood* 
The basic assus^tlone are theset for every value ©f a variable x there 
is an associated quantity y| x is dlstrltaited normally about mean for 
any particular value ®f y| ^e aean of the x distribution function 
depends linearly on y (l»e», « a • py)| and the variance €r* of 
the X distribution function is independent of y» Under these conditions, 
the distribution f^mction of x for any value of y may be written 
P(K)dx = ,-(« - " - . (3) 
No assMMptlon Is Madej or i« ntcesstry, about the distribution of y* The 
requirement for the application of regression analysis Is only that the 
experiaental quantities {y,,.#.*.yjjj) «ay not all be equal. 
The basic proble® In the analysis of the data (x,,...«Xj^) (y,,t»«.yjj) 
6 
'A. li|.«''M©od, Introduction .to .the .Theory of Statistics (McGraw-Hill 
Book CoB^any, Inc., New fork, 1950), p. 291. 
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Itofn b®e0»ti th# ®f % p, and ff*. In paartlculari tti® qo®stl®ii 
Ae^«3r p Is iiffeseiit frm %»m m§t' b» msm%T@4» tlmblased estiasters, 
©btalned ttm M»®d , mm 
n 
I m  - y  ^  
tn 
A ••  ^
® « » - Pf , 
and as 
« ' -^Jl A » 












Th» k m4 | pufsets t blvtirlat® ^isl»ll«iti®n# lh« «stl» 
aated vtrlsRCtt iirt 
m 
m 
Sifflilarly, (n • Z)0*/9* has a distirllwti«n with (n • a) d«gprees ©f fttf 
d-®«* lh« dlit3rlbwti0» @ppwm^m ® d.l8trlfc«ti®ii s« th# uttMbex 
®f ®f fr«ed®» iiif3rtas«s» 1h# va3Flaii©« ef 1» 
2 
•* i:a2)2 . 
aa a a * ' 
Cf) 
Ml thtst .rsiiti©ft»lii|i« «ay b® eeriblntd t@ ®iv« l^ie, imblated ®sti«a'l®rs 
and tttit estifflatfi d@viati®ns 
m. 
n 
t (XO) n n » 
I - ny® 
a - - ^ y  i  
B 
i l l )  
n i l  Y i*  - "f^ ) 
and (12) 
Thest expressions laay be used to estimate pai-aaeters and test hypotheses 
itm the data of any experiment rtiich satisfyi 
(i) P<x)dx a ©• B dx 
<2) Hj^(y) • a • py 
13) ff* fn(y) 
(4) (y,i*.»»yn) ®r® not all eqwai 
(5) n is large# 
Experifflentai aDplication ef regression theory 
It is possible to satisfy conditions (1) through (5) above by 
judieious trea-toent of the data of this experiaent. 
Hie true shrinkage factor for a plate was not knov«»| rather, an 
assumed shrinkage factor S s= 2«7 was used to calculate ranges. Since 
tracks were measured by successive segments, the original range r 
ascribed to a meson was 
m 
X g y.CiStXj* + , (13) 
where ^ denotes swwlng all the segwents ©f a track« If the trwe shrink­
age factor was S + &, the true range R was 
The square root may be expanded in a series. «lth higher ©rder teras 
neglected, one obtains 
X {Zm 4 b^) Az.* , , 
E ® y 4- ) i L— . . (i5) 
2C • Ayj» • s'Mj* 3^^ 
Most ©f the sepients ©f tracks were Measured wltii ttie 62,1 micron reticle. 
In thin plates, the tracks were close to the plane of the mjilsion. 'Oius 
the contribution to the denominator of was usually small coiapared 
to AXj* • &yj^. Therefore the approxiraation# 
&Xi^ + 4y« 62»l^ microns^ and 
^ ^ / X (16) 
» a.?* 
can be made# In each plate, was obtained by randomly selecting 
30 events, ttien averaging the square of the z-projection of the track 
segments. The results were 




4#p«ndf m the ilp ®f « tritk, aiii is takm st m index ©# that dip# 
i<|iiati®« ii§| »®y WW be nsO'ittwi a® 
Ih® f^antities » and 4 tare t© be liefttifiei x ansi y| jrespectively, ©f 
the. prefieus «eeti®R| it #»» mm be sh&m that eondlitieiis ^1) "ttiroa# (§) 
mm eatiifitdi 
Cl) Tests, dei«ib«i in Seetitn %Zf mm implied 1» the expertoenttl 
dittrilMitii® @1 aseribed ranfes itm eaeh plate# |t»s i-etttlt# were that 
the dist3fil«iti#iis mm net s4faifi©tfitiy diffe»«Rt ftm neiwal# Hiis liidi» 
©ates that eonditisw Cl)| thit t be neiwaiiy distributed ebewt it 
satiifiei*^ 
(2) Steee i i® the 'tarwe tifigei ^e distritatien fwetiea mm |i|| is 
iiidip«Mie»t ef dip index d. Ihe diiteibwtieft ftonetieii aeiB |i^ @f -ttie 
3i@ribeii rifiges i» iAdepen^t ef d eitiy In epetiai ease that the 
ch®8«B S it ^ e ttue ehrinkige fa©t@JC| i#e#, & « 0# IhM® ene »®y wite 
Cefiditiofl'- (2), -ttiit i^e dlttrlb«itl®» fwstiea »e«n jijj, di^ead .linetriy en 
d| is satisfied* 
(35 Sinee R it l^ae •toe variawee it ind^ettdwit &i d. 






« l(ft - « i{3f • a 0^2 (21) 
Thw$ condltien {3)»  that 0^* be ind^©nid®nt ©f d, Is aet. 
(4) The experimental quantities (d,,.»...d^) are n©t all @c}Ual. 
Condition (4) Is that there be this inequality* 
(5) In Plat® I, n is 7§0| In Plat# II, n is 250. W^us condition 
(5), that n b© larg®. Is ratt. 
It has been establlshtd -tt^at linear regrtsslon analysis may be 
applied to the experiment. The notition used in th® Uieoretlcal section 
corresponds to that used In thl® ®xperl»®nt®l section s^en -Whe following 
identifications are madet 
Therefore equations (10), (11), and (12) fro» the ttieoretlcal section be­
come 
X a r 
y B ^  
- ^ - (m * &») 
(22) 
- (2S& * &*) _ £rid< * 
2C62.1® • 2.7» Z d » . ni* 
J. , 




A A , 
a * « 3? - pd' 
n 
(2A) 
and a» . a," » 0/ «= ij I rj» - nF- |'(Edj» - npj] » S>|4 . (25) 
Ihese ar@ the ©xpreisions ^at mxe us@d for applicttien of linear 3re-
gression analysis t© the experiment. 
Hie ippr©priat@ swat ©f the experimentally measured quantities rj_ 
and d| ar® given in Seetlon D,l# The estiraators and their standard 
deviations obtained by use of stations (23), (24), and (25) are 
Plate I 750 events Plat# II 250 events 
pj = .00965 t .00524 aicrons*^ |jj « ,02912 • .00668 microns"^ 
|L « 598.5 i I.? alc:w»BS L « 594.0 • 2.8 microns (26) 
I "ll 
» 327.0 + 42.8 microns* * as 906.2 4 81.4 microns^. 
Since all the»e values are defined in teras of the actual experiaental 
san^le, there is no necessity for rounding off figures. 
This analysis was undertaken to determine Whether there was a 
significant correlation between tiie dip and the ascribed range of -ttie 
fi-ffieson tracks, caused by an incorrect choice of S. If -W^er® were no 
A 
correlation, tJie values of p «rould not be significantly different from 
zero, ihe manner of testing for significance of differences is described 
fully in ippendlx A. A probability value is obtained| differences ar® 
deemed Insignificant only this probability is greater than 0#l wid 
less than 0.9# Ifte pr&babillty ©f obtaining as large an absolute value 
A 
of Pj, were ^ere no correlation, is only 0,06» Ihe corresponding 
probability for |jj is less than lO*^. Therefore it is concluded that 
taking S « 2,7 introduced significant errors in the ascribed ranges of 
both plates. Correction for this «ist be ««de« 
The correction is li^licitly contained In the above estimators. 
The values ^  ^ , and could be taken as estimates free froa 
"l ^11 
shrinkage error for the distribution fwctlon paraaeters. Ttiese values 
are consistent with each ©therf the probability of as lar9e or larger 
differences • of the means is <^0,21 the probability of as large or larger 
differences of the variances is^0,.4» However, there is a good reason 
for not being content with these values alone. It is desirable to obtain 
an actual distribution of correct ranges so that the asymetry and 
normality way be examined with greater confidence. 
There is an alternative nethod for removing errors caused by incor­
rect S asslgnaent. By solving equation (23) for the corrected shrinkage 
factor S + S, one obtains 
s • S « - 2pC62a» • a.7«<4z*) (27) 
Substitution of -ttie appropriate p and froiaa (26) and (17) yields 
the values 
S • Sj * 2.4^ + .13 S • &JJ « Um t .23 . (:») 
sS 
I  ^
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thts® sums yield 
Flat® I 750 wents Plat® II 250 wents 
« ^ #4 »l6»®ni ® 5f3»7 (32) 
« S25*5 uteroiis* OL* » 897*4 «ler«ns* . 
h " ^11 • , , 
tti®s® vilues {©btained hff detilled appll@ati«ii @f eoxrtettd shz-inka^e 
fieters) at® very cl©s® t® th@s« ilsttd ©atlie* In (26) (©btalned bf iw-
plicit eerrection f©y •Oi® shrinkige mwmw},. sllfht dlfftrtnce if 
attxlbwted t@ the app»jiifflatl®BS in (16) (^j* • 4yj* « fe2»l* and 
S« A.J* -2,7' <4Z»> „) «d. t= ,lrt.ln th. Un.K t.™ r » R - Ih. 
cl®se i§f®«®nt is taken as ©®nfl3W«ti®n that tti® ippi?®xim®ti@ns w®*® 
valid, and that m p;&m -'arithmeti#®! errors oeeurred* 
§« EsiperiMital iesults 
lb® ^aiititics ©btalned fMm eaeh track were 
3V2, (33) 
and 
d| • • C34) 
lather ^ an pr®siwtlnf all the data, «ie SMM ®f interest fer each plate 
are giveni 
Plate I n * ?»5 Plate II » « 2§0 
n a 





t f|« « 271,492,0^ 
fi 
t <i|*  ^ . |S||63|©2| 
t » i6|,f02|947,f6f 




I IS 46,491,f©5 
•« 
Z »!» » fi,0f3.|,562 
t V - 43,W,2» 
E f|» «« 5S|^>614,0fi 
R 
t ij* ® 33,5*6,151,322,294 
(35) 
Fifiai?« It &i^m histtgirMii #f tseyibei *,inf«s f| ©aeh pj.at»i 
Ihe si®yjrtet«d stelnkaff 
$ -t » 2.4^ t ©43 S • ^ 0^23 m 
wme #ppii«d t® 111® M^p &yj| aniJ data t© yteW #it ©@iSfe«st<Mi iraag# 
* ^^5* t Ci t f (36) 
|h« fiifiwi @f Interest a»t f Ei| «i|i att uwetiiBftdl 
flat® I a p.- m 
fi 
r i| * 40pm 
1« mpmpm 
11^1 « ,2W|S50 
Plat# II m» 2m 
£ * I4i,426 
11 
Z Si|344,§fe6 
I » 52,%S,6l§,6ft <3?) 
B 
I »|4 « f7,46S,4Sl,306,1©S C«i4 « 31,S33,i63|2§f,902 
34 
I « 113,604,348 E * 4§,278,5§§ . 
FigiMCt 2 shews the hl8t©fr«® ©btalned fey lisa^ing all ttie cori-ested ranges 
Rj int® ®iie large distribution. 
In order to ©btaln the sms in tt»li section, tJhe quantities r^, d|, 
and S| were entered ©n a set ©f » pimeh eards, "Rie mtiltlpllcatlens and 
smwatims were earried ©ut fay IM ©©i^utlnf aaehlnes* Several ©f the stws 
were cheeked, suceessfully, using a desk calcwlater and liie ©riglnal data. 
Ihus it is extrmely i^^i^bable #iat there are any ari-ttiaetlcal errors in 
these suns* 
M© abn©r«ally short ji<««es®n tracks, aserlbable the radiative decay 
©f a »^©8®n, were f©und in this e3q»erl»eiit« 
Fisher describes an unbiased test f®r g©odn©S8-«f»#lt ®f an experi-
9 
aental $ai^>le t® a n©r«al distribution. Ihe test Is essentially the c©a» 
parison ®f the ^ird «iid feartti msawits ®f the saa^le to the third and 
fourtli ffl«»ents ©f the appropriate n®»al distribution fweti©n» 
Iht (pantities used f@r this test are 
%, A# fisher, Statistical Metihods for Researeh Workers (Mafner 
Publishing C©i^aiiy, iew fork, ileventh edition, p» 70# 
(38) 
Plfiart 1, »l§tef#i«s ®f tseritettf naif#® In «a#i plttt# to «a^ ©at® 
#ie dii'trilAitliHa mm%l eurvt ba¥« tli» taite 












PLATE n  
2 50 EVENTS 
f = 602-8 fi 
cr= 3 LI a 
500 550 600 650 700 
PLATE I  
750  EVENTS 
? = 601.0/x. 
cr = 28.8/x 
700 550 600 650 
RANGE-MICRONS 
FIfai't ®f «©3rr«i.ted ranges* Ifet <llstrtfewtlttt8 ef etP-
wm§m in ^late were. Iff dirtet iQi# 
snd the hite 9me mm 
iRi st«iiisr4 
6 0 
PLATES I an 
1000 EVENTS 
R = 597.2 fi 




500 550 600 650  700  
RANGE -  MICRONS 
39 
and 
^ ^ «v^' )*] (3,) 
QA- (v'^ ' 
S©ffl@ «nd@r«taridlng ®f and «ay be ©btalntd by netlBf that -tit® third 
TOBent ®f a n©»ial cwve Is ztr®, and fewth ®o««it l« 3(eF*)*« Ih# 
various coofflolents containing n are sueh as to nake the teet unbiased. 
The distribution of for large samples dram Iron normal population#, 
is tpproxiattely nomal with aein and vtritnee 
ttie ©orrespORding distribution of is approsciaately noMial odth 
* 'C^2)£^fn*3y<n«>5) * 
Bius bo-Oi ej/c and C//# are ii^»xl»attly n@r«ally distrilwted with 
^ ®4 
zero mean and unit varianoe* 
Bie test la perfomed by det«r»lning #ietitier the values of and 
froa tihe data could reasonably be obtained froa noimal dlstrilwtiona 
of zero «ean and unit varianeei. Ihe expanded fmm for the sample wwienti 
about the »ean 
Z (*i - *)' • E *1* - J ( E Xjfj («) 
E (Xj - x)' " Z »i' - ^  ( !: Xi*KZ\) * |.(Ex^)^ (43) 
and 
• n^ ^ • j[ / » 'R » n • » n . 
E(Xj -x)^ rxj* - ^  EXi»)( Exj) • Exj»)( Exj)' - 2,( Exi)*, (44) 
m 
and tht data SUMS in 05) and iff) art «8td t© eei^te and T®bl« 
1 swtiri«@8 the r®s«lt« ®f th® iwiwailty ttsta*. Hen® of th® siapit 
MCHBents ar® aignlficantlf dlff«e«iit fr@« tht mmtl ©wrv# ataentsi thus 
th® 3cinf« dlftrlisMtl©!!, fumetlta ©an b« ©©nsldered n©3p»al, 
'Ihe »M«»t» listed In fable 1 a*# net ill ind^tndent# Mewfvtx-, all 
are ttsttd t© dwMOnstett® that apparent iiaiMBaHty Is neitiitr et«s«d 
ii®r dtstrtftd hf th« rtfif«sti©n trtit»«it. AliS®, tt*® immmlitf ®f 
tssribtd 3fanf«s It taken as an indl©«tl®i* tfeit ©midltlow {1} f©r th# 
applleatton ®f r®fr««»,t@n ^t»iry Is sitl#fl«d, 
M Poaled data. If |jh« trw® distrtbutiofi fwactltn parawttrs ^  and 
0^  are 1:]ie isn@ f@r belli plateS} '^d dati nay be ptoled tot@ mm slnglt 
sa^l® for tto® puj^s® ®f e»ti«stlftf jtf #| siid p « &/^ » Hi# unbiased eatl» 
nators and thtlr Mn#trtal«t4e#, ®btaln@d la %pi»dlii 1, art 
" *I * \|%* * If 3* {A5} 
V n 
^11 " hi t \ a 
V" I *l" - i ^ U7) 
hi' '  l^^ jV - s hi' pr • '<®> 
Swbstltwti©*! ©f data sws yl«lds 
flj « 5fS|,4 * hf ai<a«>fis Jjj « 59|ff * 2»$ mUma» 
Sj* « $2%.§ •  42f § «l«ron»^ t wlerens*. 
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C^3rM«t«d Rtnges (8) Plate II 
n *• 21© -«24 -lafe -^.25 
Plates I and 11 
ra « 100® *l«26 .21 /-.80 
Ih© ipaiitltjr P is ittie f>robtfeiilty of «» latfe m la»9#r dtviatient fxm sei^ tn ti^tr if 14i® tarwe iistritatlen funetien ®f ir (m E) 
mt* nexmal. 
4a 
0j * if||« lh« probability of a® larft m larger 4ift@xemm in «feeii 
lij « }t|j| it Similarly, the probability ®f is large ®r larfer 
dlffer®r»«®» in 0*, lAien <?| * ifjji is ^•4I« Ib«f there is n@ evidence 
fr^ toe experiment that the true mean# and ^arianQes are wne^al| Uie 
data nay be pteled int® ene sample* 
Sinse the t«i©ertalnty in »ean dwe t© shrinkafe ttneertalnty is net 
the siae fer b®th plates, 
»1 and 11 • CW ?ii)/ia» (50) 
if used to obtain the ostimated mean and uncertainty. The result ii 
jj » m%2 i 1,2 alcrens. <51) 
Since the Wk©ertalfity in varlanee due t© shrinkage wneertainty is negligible 
fer botili plates, ^ e Visual single tw^ple form 
"I'and n - sir i 'I'and 11 ifS ." = 1000 (52) 
if used t© obtain toe estimated vtrianee and wneertainty# Ihe reswlt is 
®I*and II * Micron®* , (53) 
©r 
®I and IX * X9*f »i«sr©ns» (54) 
X® estimate p, the toin plate «ean 597«2 a«ist be increased by « 1,4 
mici^ns t® estiaate the infinite eswlsien aean, Ihls cerreetion is dis­
cussed in l^pendlx C, Ihe result Is 
and tl " ®nd and II * ^ * (4#^ Z .12) percent# (55) 
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Bies® values, all ebtained tT@m the slnfle »affi|ple of peoled datSi are the 
7 
values Queted hf $rf and Iftilte*' 
ih) .da,ta« It ie pessible that the tm plates had different 
stepping peMrs* llie neis^arisen @f eieperimwatal neant aade in tlie previeui 
seistien enly shei^ tiiat such a difference was either siaall cos^ared t® the 
statistical uneertaiinties er zef@« It is ii^ossiMt te take aceeunt ©f a 
steppififl pewer differenee in determini)«g {I and sinee the exaet stepping 
powers are net toiem* |h© 'ttieereti@al signifieanee @f p arises fren the 
faet i^at lae^ tlie true iAean and 'tihe true standard deviation 9 are in** 
versely pri^rtleiial t© ^e stepplnf power* Ihus their ratl@| f@r a single 
plate I is ind<i^eBdent ef the stepping pewer. Fer twe er n^re plates | the 
dependence #f # m stepping pewere involves #ie square xmt ®f mm ©f 
squaresf the dependence ©f ^  invelves 'tite tvm ef first ©rder terns* Be** 
cause ©f ^ is sumnatien ©f texns ©f different ©rder, n© eaneellati©n to 
tlie rati© results. Ihereferei the |given by equatien (55) is affected 
by any stepping pewer difference tnAiich »ay have existed. 
Ihe test applied earlier did n©t shew ^ «t |i« ^..f i»e«, that a 
W A* 
Stepping pewir differMce eMisted* therefore the value from equation (55) 
is an acceptable value* l©wever| failure to show is not 
equival^t to showing for this rea®©n|. and because ©f the appeal 
©f a netiiod wit^ general validityi it is desired t© obtain an estiaa'tor 
for p that is indepimdent ©f any stopping power variatlw awng plates* 
Since the i^in plate correction &*/^ is alse inversely pr©p©rtiGnal 
t© the stepping pewABf the quantities 
Pl« - Sj'Cjj » md ?,J» » Ojj'ttij • (») 
44 
are tm estimates of ®tch Independent of the stopping power of the 
plate* Ihe values obtained In this fashion are 
Pj» « (2,29§ * ai8) X « (2,533 * .227) x lo"^. 07) 
The best average of independent quantities with known variances Is ob­
tained by weighting inversely with th© variance. The true (not estliaated) 
variance of is "• l)j stoct the percentage variation In Is 
negligible con^afed to that In The correct weight becomes (n^^ • l)/(N 
where N Is tiie total number of events and k the nyrober of plates. One ob­
tains 
Pl\nd II ® * 24.9Pjj®)/998 « (2,354 * a05) x (58) 
The square root of this Is 
Pi and II - ,11) percent. (59) 
The estimators were averaged, rather than ttie p for good reason. 
The average of unbiased estlaators p® approaches lite true value In the 
Halt at n increases. The p are biased, and their average does not 
approach p in the Halt# 
(c) Smwiaarv:. The best estlaates obtained fro® this experiment are 
^ » 597 * I aicrons (51) 
0 « 29«1 • 0,7 microns (54) 
p * H*B5 * »11) microns. (59) 
If there was a difference in stopping power of the two plates, the re­
sulting contributions to and & were insignificant compared to the m-




1) the jpinge dist3PtlBwtl®n ®f 100® jjfe-«®»©ws tx&m wmmm decay In 
ph©t#fiPiphlc Mulsltn shows n® slfnlflcant dwlatien from nc»ajllty| fhli 
fact was predicted by Ichr strafgllns thecry. In particular', the absence 
of significant negative asyiwietry (short ranfe tail) Indicates that "tiie 
iandau lonlzatl'^ effect and inaeton radiative decay are negligible airong 
1000 events, 
2) Ihe para»eters of the |i*«©s®n range distribution In Ilf®rd C»2 
«ul8t@n 200 ffllc»ns ttilck are 
« If? • I ffllcront 
& « 29# I • 0,7 alcrens . 
These parnetert can perhaps show soae variation from plate to plate due 
to stopping p®wer differences. 
3) |he sla'aggllnf paraaetir » er/jt for Ilford G-2 vision Is 
^ » (4»t5 I. Oull) percent . 
Ihls value has been corrected for the thin plate dlsplacwent ®f the 
mean* toy effect of stopping power dlfferodce has be«!» eliminated fro» 
ia*ls valiie# 
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IHI DICAY Qf KEGATIfE Pi iiSONS M PH010GRAPH1C EWILSIOS 
A* lBt3r®dw6tion 
llieory and txpsriaent me In f®n®rtl igreenient coneernlnf the tetkinf, 
.0 la 
capture, and absorption of n®9®tlve t»-««ions in tolid aatter, F®rml and 
Teller^ consider tht history of a slow negative aeson as split into thr®® 
energy regionss the braking from a few M@v to s®v«ral k«v by ionization 
•"12 
and exeltstion {t-Ji^lO see for esHiilslon)| en«rgy los® fro» several kev 
to zero by collition® in a degenerate eleetron gas Sxio'^^ sec for 
eraulsion)! ea$o®de froa «@ro energy to the K shell by Auger and optical 
transitions (t ^6x10""^^ sec for Mulslon). A negative iweton will be 
absorbed very rapidly froa the innesnwst orbits dwe to the small radii of 
thete orbit# ind the strong coupling wittt nucleons. Ilius a ir" meson of a 
few Mev should ©xlst for only about l©"^^ sec in emulsioni about lo"^^ 
see of thi$ tia® eo«es after -ttii® weson has reached the end of its range. 
Since the lifetiiae against -ir-it decay is 2,6x10 sec, ^ e probability of 
decay for stopped w" fflesont apparently fhwld bt '~'4xlo"^« 
®The tera capture *riH be applied only to Ihe trapping of meson® 
into lohr ©rblts (the formation of meslc atons), 
hhe ter» ®bf©rpti®n will be applied only to the disappearance of 
laesons by Interaction with nuclei. 
^E. ferml and i. Teller, Phys. Rev» Si 3^ (194?). 
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Experlaentai studles^'^*'^ of stopped w* raesons In «ulsl©n have shorn 
absorption eompltttly pr«dOMinatin§ mm w-ji decay, as expected from th@ 
theory, H©w®v©r, IS n®gativt decays .®«©ng 40,000 nogativt weson «nd-
5 • ing$ were observtd by Fry and *iit»« Ihe'inaiysls of thest @vent« is pr»-
sented in ttiis chapter. Hie iT raesons apparently decayed from negative 
enerfy states, with average wsroentwa in the neighborhood of 3 Mev/c-at tiae 
of decty. Mo identifiettion of the states Involved, nor explanation of the 
high decay probability| is tanow# 
B, Hie Ivents 
Ilford &-5 esaulsiont were used in this study. Ifeese «ui«lons hed 
been exposed to slow w*" aiesons at the University of Chicago cyclotron. 
toonf 40|OCX) laeton wdings, IB decay® were observed# In 11 cases, 
the |i-«eson stopped in the «t«lslon. Ihe correct identification of a 
decay is virtually certain Aen #te n.-ffleson stops in the emulsion. In the 
other 7 cases, 1i*e ji-«eson left the eMtilslon near the end of its ranf®. 
Since identification by characteristic frain dwsity and _wiltiple scattering 
%en©n, Mulrhead, and iochat, Phil, Mag, §83 (1950). 
i. Adelman, Phys. Sev, li, 249 {1952). 
V* Fry, Phys. Rev# 385 (1951). A negative decay was ob­
served wteer© ti^e range of the |is,-«eson is 820 Microns. Ihls event, pre­
viously Interpreted ®s decay In flight, Is aiore' likely due t® -ttie s^arae 
cause as the events of this chapter. 
%. F. Fry and 6. a. ihlte, Phys# lev. |2, 1427 (1954). 
m 
Is considered good y^m th® jt*«8es©n has »8t of its range in tJ\e e«ulsl@n, 
confidence Is placed in the identification ®f these seven events. 
Since little »©ye can be determined abeut the seven events with 
escaping pt-we^ons, attention will be centered ©n the eleven cos^lete 
events. Ihe ranges ©f the •|i'^etQns were aeatured for these events. Event 
1 had « ©ne-prong ttar at the m4 ©f the ji traek. The ©liier ten |i.-«es©n 
ending# were carefwlly examined for the pretence ©f a decay electron. Ihe 
data f©r the eleven ©0«plete events ire presented in Ttbie 2. 
C. toalysis 
Ih® fmdawental Qwestien to be anwered is ^ eli^er -Oiese events are 
in fact the decay of w* aesens, freia a possible ir* contawinatlon in the 
pistes. Event 1 is-certainly negative, as showi by tiie one-|»rong jinaeson 
star. Prebability .argtwente can be presented cencernlng the charge sign 
for the ether ten coaplete events. 
Hhose decays wftilch are to be considered positive aast satisfy tm 
6 
criteria. In an earlier §t«dyj' Fiy observed decay electrons fron all 
but 2 of '88 I' decays. Iherefore the nwaber ©f decay electrons from 
events of this etudy <#ilch are considered positive ««st be coi^atible 
wi'tti this probability of observation (.9S), Ihe range distribution of 
1000 aesons fro» v* decay is noroal witii experimental »ean t = 597 
%, F. Pry, Phys. Rev» |^, 6% (lf52). Ihe failure to observe tte 




Oiaracterlstic# ©f th® Il®v®n Complete Events 
E««„4. Range ®f ^ Insld# u* 
"""If rang. llSlt. 
I® 320 iBlc3?©ns 
2 443 X 
3 580 X 
4 »l X X 
5 mn K X 
6 m X 
7 m * 
8 647 X X 
9 6g7 X 
10 m X 
11 m 
*£v«nt 1 has a one^prong star at the end of the ji-mesen track. Hence 
this fvent was undowbtedly-negative. 
microns and experimental standard deviation 0 « 29*1 fflicrens# Ihe 
probability ©f a range falling ©wtside 510 and 6S4 microns {+ 3&) is 
^•003. Th® probabilitits of w*dscay In flight and ©f 
radiative decay (-^'1©*^) are negligibly saall, Henc« the second criterion 
is thit the fiwabtr of ranges outside the lifflit$ (510 and 6S4) from- events 
considered positive Must b© coi^atible with the probability ^#003. 
Those events «l»ich are to be considered nefatlve mu«t satisfy only 
one criterion.. The probability % #.02) for observing a decay electron 
7 itm a stopped negative ^-raeson is kno*wi from an txperiroent of Fry» The 
niaaber of decay electrons fron events considered negative m$t be co»-
.patlble with #^1® probability* No g priori Infoaastlon is available con­
cerning the range distribution of tt*" aesons fro« fT decay in emulsion, so 
there is no range criterion to apply to negative decays. 
The hypothesis thit all eleven eowplete events were positive decay# 
might be ««de| this hypotibesis is rejected since Event I is certainly 
negative (as shown by the star)# Another hypothesis is that Events 2 
through.II were positive! this hypothesis is rejected because four of 
these (Events 2, f, I©, II) are outside the .CX)3 limits for p.* ranges# 
Events 3 throufh g are Inside th® range lifflltsi but only three of these 
(Events 5j S) exhibit decay electrons• A possible hypothesis is that 
six events (ivents 3, 4j 5| 6} ?, 8) were positive and that five events 
(Events I, 2, 9$ 10, 11) were negative! this hypothesis is rejected be­
cause the observation of three decay electrons from six positive events 
'^W, F. Fry, Nuovo cimento JH, 490 (1953). 
m 
is incowpatibl® with the ptobaMlitf ©f observation U9B)* Another 
hypothesis is that only one ©f th# events mi^mt tn electron but inside 
the range liaiti 3, 6, or 7) wa« positive, «liile IJi® Utree events 
with eieetrons inside 'tee Halts (iv®nts 4f 5| i) were also positivei 
this hypoiJiesis is rejected, for the obiervation ©f even as ratny as three 
electrons from four positive events is Incompatible with the probability 
of observation (.98). 
A .plausible hypothesis I® 'ftat all ev«it& outside the range llralts 
(Events I, 2, 9, 10, 11) and all eV«ts inside the Halts without 
electrons -Clvents 3, 6, f) are negative, while those wents inside the 
llaits with electrons Clvents 4, 5» i) are posltive| liils hypothesis•is 
plausible since all criteria are satisfied. 'Ihe positive events all show 
decay electrons and are within the rang®' limits# Three of eight negative 
events show decay electrons, #ilch is cottpatlble with the probability of 
observation (,36)# 
Other plausible hypotheses are that two, one or none of tits events 
Inside the range llaits and having electrons are positive, #iile the re-
aalnlng nine, ten or eleven events are negatlvei these hypotheses are 
plausible because each satisfies all criteria.. Aty positive events are 
inaide the rang# liffllts and have decay electron®, Ihe nuaber or decay 
electrons fro» negative events is four of-nine, five of ten, or six of 
eleven. .Any of these frequencies 1$ coapatlble with -ttte probability ®f 
observation (.36). 
Ihe results of ^ Is probability analysis are 'suwiartsged in Table 3* 
Certainly eight, and possibly sll eleven, of ttie complete events were 
table 3 
Posslblt Charges far the Eleven Coi^lete i>#cay« 
Hypslii-esls Decision Reasons 
All @levm mmts- ar® p©sltiv« dmays» 
Pom evmts (20^10^11) mtsHe n* 
raige li«lts am positive. Six ev#nts 
C3,4f5t6,7,8) ' in«td® -ttj# limits a» 
jKjsitive, iv^t I Is negative, 
Thrm events (3|6,7} within ran^e 
llwits withottt <i@cay electrons sr® p©s» 
itlve,- lte«« events (4.|5jS). al-thin th« 
range llnits ctecay ®leetr@n« am 
positive. lh« five events ,Ci|2,9jlO-,ll) 
©wtsid« the range l.lalts are negative* 
One event (3) within the rang# liwits 
without a d«cay electron is positive. 
Hire© events (4^5fS) »lthin the rm§e 
liffiits with decay electrons are 
p©sitive. Other events (I,2,6,?,9,10s 
II) are negative. 
Ihree (4f5,S), tt» C4f5), ©ne (4), or 
ntne of lli© events within ^ e range 
iiaits with ^deeay electrons are ^ sitlve, 
Ihree C2,9jl0), fowr (2,8,9,10), five 
C2,5,8,9,10), ©r six (2,4,5,8,9,10) 
events with decay electrons are negative. 
Five events Cl|3|6,7,ll) fsdttetit decay 
electrons ar® negative.' 
iejeet«l Event 1 is nefative, as shoim by the iT' stm, 
Re3«€t«i Fowr of tm positive events have range, owt--
side ttie .W3 liaits. 
lejected Ihree of six positive ev»ts show decay elee» 
trons, iAldi is inco^atlbl© with the.pTOb-
aMllty of observation (•98). 
Rejected three of four positive events show decay 
electrons, ^ ich is Incoa^atlble l^e 
probability of observation (.98), 
Plausible Ihree of eight, foia- of nine, five of ten, or 
«IK of eleven negative evmts show decay 
electrons, Ihese fre«i«®ncles are all e©«-
patlble with the probability of observation 
(,^), All positive events are within ^  
range llaits m4 show decay electrons^ 
Therefore all criteria are «et» 
^ere several events are Id^itlcal wllit respect to criteria, only one of the equivalent 
hypotheses has been listed. 
33. 
the dtcay ®f negative iwmesons, Th® hypothesis ^ at all flfvtn complett 
ev«nts, m mil m the seven lnc®«pl#t© events, wer© negative wy^  dectys 
is adopted fm convemltnc®. It »ttst be ir«m«mberecl,. however, Idhat wp t© 
3/ll of these events, may Jwst as well have been positive decays* 
?ig«r® 3 is the hlstograra ©f the eleven e@ffl®sl®t# ji* ranges from ir" 
decay« Ihe sprtid ©f the distribution Is significantly greater than the 
spread of (t* ranges from v* decay, fhis fact suggests that the li* aesons 
were not aanoenergetiei that is, the i*** aesons did not decsy fro» rest. 
The estiBited variane© of the ji" range distribution is 
?,180 microns®. 
4-
•Rie variance of the ji range dl®trib«tion Is 
0r/ » 847 • 3S microns^ (IV*D,53) 
ji 
The differenc® between these two values is sttribwted to spread in energy 
of -ttie 11** raesons, or 
ffg * « 1,5k10^ microns* , (2) 
and 
0_ * 120 aicrons . (3) 
It 
This represents the spread in range due to soae spread in wiergy. From 
range-enerfy tables, one aay deter«lne the equivalent spread In energy. 
Since liie »ein of ranfes was §9® al©«>ns, the mean energy was 4*1 Mev, 
One may wite 
59S t 3.20 aicronsMev ^=8 4.1 • 0^5 Mev, (4) 
m 










r = 598 ± 40 MICRONS 
= 127 ± 30 MICRONS 
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Figure 3. histogram of ranges from tr decay. The mean of ^ ranges 
from Tr decay is 597 microns^ the standard deviation is 29.1 
microns. 
$3 
showing the spread in energy «f th@ jt" aesons txm r* decay# Ihe corr®s-
pondinf ffiomentw spread im jj,*" M©«©n 1$ given toy 
29 i 2 Mev/e . (5) 
It is reasonable to attrll3«t# liils spread in jt"* »ment»» to fflementws 
of the w" aeson ®t the time of decay. If the decaying w" aeson had 
aoaentw the rando» orientation of with respect to would cause a 
spread In the observed Magnitudes of P • l^t the direction ©f P define 
I* 
the 2 axis of a cylindrical coordinate sy«t@«. 1^# neutrino aonentw# 
then has components P and P . The vector sw P P is oriented with 
1 r ^ 
sphericil sywiftry about the origin. Ihe magnitude of iwmeson aomentWB is 
smalli it is assumed thatj. for all orientations, f P *. Ihe energy 
ss 
available (m^ - is large coi^ared to the kinetic energy of 
the Wesson is neglected# One »ay now write 
® 
Thus the variation in neutrino aoaentiw is given by P^ « •(29 * .§) Mev/c, 
' Z  
sAile Ihe variation in -ji-weson aomentua is given by P^ « 29 + 2 Mev/c. 
These «0»entuffl variations are not independantf both are derived frora the 
indicated ener^. variation of i « 4„l • o«5 *ev. Since P, is along the z 
ir  ^
axis, the saa of these TOient® Is the z component of ff-aeson TOmeBti»| 
the variations are ©ppositely direeted| it follows ttiat 
P^ « § i U$ Mev/c # (7) 
2 
Using the definition of the standard deviation, one obtains 
MS 
« lm$ Mev/e • (B) 
If iVJ Is a vector ©f constant l«ng-tti, orlenttd with spherical 
sywetry, its RMS c©^n©nt in 8 particular dlr#ction is 14 if th® lo^wenta 
of all iMsesons at th® time of decay were 1.5 VJ Mev/c, ori^tation effects 
could yield the indicat«l fiMS coi^onent (in tit® {t-aeson direction) of 1.5 
Mev/c, 
has been ©btained by considering the variation in }f«es©n energy to be due 
to randoffl orientation {with respect to ji-roeson direction) of a constant p" 
meson »«fnt» at the tla® of decay* Such a value l« not to be taken too 
literallyi it is quite po$slble 'thet spread in the magnitude ©f 
mmmtm caused 8o»e of the indicated spread in ji-aieson energy. It seaas 
reasonabl®! however, to consider (9) as Indicative ©f the average wmmm 
«K»«@ntu« at the time of decay, Horaenta of the order ©f 3 Mev/c are 
certainly possible for negative energy states of a w" meson in atomic 
fields in ©mulslon. 
a. Interpretation 
eighteen wp decays found a«>ng 4iO|0<^ aeson endings are interpreted 
as negative flNffltson decays froa negative ©aergy state® »#»ere the iT TOmentwa 
was of the order of 3 Mev/c. A positive-energy, negatively charged, 
f-meson with tills ooaentw takes ~ IQ seconds to alow down to tiieraal 
Ihe value 
\^J * VJ ^ 3 «ev/c (9) 
S7 
entrgiei,. to tti© w" d«cay*ln*f|.lght probiMllty Is vanishingly siaail 
(-^4^10*^), It st@«6 etxtaln, tliat absofptlen fmm the innei- Mhx ©rbltf 
Is t©© fast to allow this rtiatlvely lasf© perctntag® of'decays. Perhaps 
OR® ©r »r« »@tastabl@ atowlc #tat«s exist in eranlsioa* If the probability 
©f cascading to such a state were high en©w#i, and the orbital radiws was 
large enough t© inhibit absorption, the existence of stich states might ex­
plain the nuBber of decays obsiwrved. 
In any case, an em^ical det«r«inatt©n of -the probability for negative 
iMief®n decay in photographic emulsion h«s been «ade. It is estimated 
that relative scanning efficiency was .75 for decays as coa^ared t© 
other aeson endings• Ihus tive probability for iT deca^ is ClS/40,000)(4/3} 
» 6x10 , It is not Icnowj lAe-Wier the decays followed capture in ttie 
heavy (Ag, Br) or light (C, N| 0) element® of the «wl®i©n, Ihe percent­
age of slow p* capture in heavy eleaents (.61) and in light eleaents 
f 
was determined by Fry| the same percentages should apply here. Ihus, if 
decay followed capture in Af or the ratio of decay to tbsonption was 
(l8/,6l5(40|CW)C4/3) ® l.OxlO*^. If decey followed capture in C, S, or 0, 
the rtti© of decey to absolution was Cl8A^40|0CX)3^4/3) * l^Sxlo""^. 
E-» Conclusions 
It is concluded thati 
(1) a swell number of stopped negative i^esons do decay .in, aroulsion, 
contrary to the well-fotmded .theoretical and experlBiental conclusion that 
practically all should be absorbed'! 
(2) the probability for decay of a stopped negative ijwBeson is about 
6xl0"^| 
m 
{ 3 )  tr* decay# aar© probably from ntgailv© energy states with 
avtraft «©ffl@ntwa of ab©«t 3 Mtv/e| 
(4) if th# d©eays f©H®wtd ©aptwr® by 'th® htavy el^tnt# of ©maisioft, 
•3 th© ratio of decay to naeletr absorption 1$ about l»03ti0 % if' doeays 
followed captwr® by th® llfht ei«ieiits of emulsion, the rati© of deciy t© 
*''^3 
nwcletr absorption is about l.SxlO ' . 
m 
vi» IHf wmm m a «¥ii,w 
hp IntSPOdUCitl®!! 
the f?te dtcay ©f tht Ao hfpeton. ha« b««n exttnsively st*iil«i» 
Cloud ehart»#3? inv®stlg®ti«»ii« by laany froups hiv® tstaibilsh«d' th® iteay 
S0hMe ' 
t P • Cit S I) U) 
with a ilfttlme ®f ibewt 3 x steendt, Iii I954i Fritdlandtir i|, 
jrtportfd a deflnltly® txperliBeiit In phftoftaphtc wwiltioii, Iheia? mmlt 
was 
Ao -» p • (3fe#f2 I. *22) HW|. (2) 
Ihis fxte dffay ®f tii® Ao is «f w«H tstibllshed t@day as any fact ©f high 
physlef. 
2 
In 1951, Oiayss 9mi dlscowyed a sttangt eventi 
the deiayiKi dlsiiit«fs'ttl#n of i nmlmt ftapient Item a ©©sale ray fttr 
In Ihty int«p3rtt@d ^Is mmt m tht noiwitstnlc dtety ©f a Ao 
b©»d In tht nweltar fragmtnt, %e # hiving hem abfeirfeid In th« piroetss.. 
A glfflilay ev«fit and Inttsprttation mxM t#p®tttd at alxjwt the 8«»e tlia® 
fey tid«an ^  Cjpufsai'd and »l©*®il«t^ alst foiaad an e*«it nJilch 
^RFltdlandtiPi K©®f®, Men®ft,.| and Mttlln, Phil# Mag» ^  533 (1954)* 
% P«nys2 ind J, pRle»*skt, Fhil. m* M$ M$ (1953). 
%ld»in, 0wls, H»n, and T«»n«at, phll. Hag. |4, 350 (1953) 
emtsiird and D, te®llet| Coiptl rend. 2M. 64 (1953)» 
60 
supported th« bound hypothesis. Iheir event was int«rprtt®d as a 
mesonic deciyi th« v" aeson was ejected by tiie disintegration. 
Unfortunately these events, and also the non-isesonlc decay reported 
5 
^ Preier j|., have the property that tfiey do net perait unamblgwoui 
conclusions. In particular, the failure of particles to stop in the 
emulsion frequently allowed coniiderable latitude in possible particle 
identifications and disintegration kinemitlcs, 
the situation was considerably clarified by two raesonic decays. 
6 A lhat of Hill ,i|, was identified «s the decay of^Me to a w neson, a 
3 proton, and Me . Ihe binding energy of the Ao was about 4 Mev, coapared 
4 to 21 Mev for the corresponding neutron in He . Ihe striking event ®f 
V 3 *"* 3' Bonetti §1, was the decay of to a F weson and He » Ihe decay 
products were charged, were colllnear, and were stopped in the pellicle 
stack. Ihus^ wiaablfuous Interpretation of this event ms possible. The 
blndlnf energy of the Ao was about 1 Mev, compared to 6.2 Mev for the 
3 
corresponding neutron in H . 
An event i«hl©h deiaKjnstrated that non-flaesonic decays are cpjantitatively 
consistent the bound Ao hypothesis was reported In 1954 by Fry and 
White. Since that time, several good events (each requiring the assuwption 
^reier, Anderson, and Kaufle, fhy«. Sev, 677 (1954) 
^Hill, Silant, Wldgoff, Oslterne, 'Pevsner, ftitson, Cxussard, and 
Walker, phys. Rev. 94, ?97(A) (1954). 
t 
Bonetti, ievl Setti, Panettl, Scarsi, and Tomasini, Muovo clroento 
JJL, 210 and 310, (1954). 
F. Fry and <3. R. Ihlte, Nuovo cl«ento il» 551 (1954). 
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B® mm th«f* m.$t ii«ut*al ieeay pt&4m%} havt bten itilltr 
Ii "Wit • ft| th« blnilnf ®n«0y ©f tli« /\» 
was 2 I;, 3 fsf f| §4^® ®b®ttvt< -Wi® «i#cays • », 
with • 6 ^ i UiR^i ani * «i^ • «^, wltii « U • 6 Mev. Many 
inytttifiteT-# havt fetrod e*«its s^i«At ean bt Intirpi'sted m feypeyfj-apieiit 
dtetySj mm -fhat th« fc»@iiii.<i A<» hypoihtsls I® wtil ©atablishti, fcwt itiieh 
ea.nii0t bt tntlyztdl ia d®tall» 
Ihe WBt #f fwf and .ihitt is its^ifetd a»i iiisasstti in detail in 
#ils ©hipttf. At th© @f ©yifinal analysis, th® alt«tftatly« results 
»©^ -I. i/ • fi, Ba « 4 t § nm 
Of C3) 
•^8#^—> • .R, » -I 2;, 5 Um 
v»®3f® iref^ttoi* Sine# th-«n th® mtf asewttt« C| val«e detemSjuatlen f©s th© 
ftee 4m&Y haa supareedad tii# cl©«d difflrifets- raswlt (1), iaeaus® tti® 
«n«e3rtalnty in Q valiia &$ (I) ws a la^fe e®«pi»n#nt in th® wneartaintlts 
®f bindinf ©netfias i^ted C3)f it «®««»d advisable t© reanalyie #ie want. 
This xeanalysis It praaeoted iii Itoia 4haptat» Ihe xatults 'aire 
^ it^ • «©^ • »., S/H • 5 • 4 
©3? C4) 
^ li®^ • • n, « i i 5. 
%till®s, Satfflan, and aaplK»| Ball, Am. Phyi. 8©e, J|, M©. f, 13(A) 
Uf55)* 
^®fty, Schneps, and Sw««i, p3r«pttbll©att« report, (lini^arsity ©f 
Wiscoiifln, IfSS). 
62 
Hi® #f wicertalnty froiB the fr®@ a, <ie6sy Q h®« deeiPeased, Mow-
•v«t, anslfsls ©f th® «9iitrlb»ti©fi tf mltiplQ i€ttt«jrinf t© anfwlar 
mmt his aitfWB #i« MiR©©ytalR% in. aii§l» ii«tw©« the partlci# .«iiirecti®ni 
t® fe© lai?g@r iHnirt ©tlflBally «fs.is»ii» 1h« ©ffeets ©f liies® tw© ©hanfei 
Jwft abeut etft©#i, Hils event ts dtwed tttnaiysls aiii .©es^lt-t# 
d#s©riptl©!i M^mm it Is stlil ©n© ©f tJi® betttae ©xtaplti ©f ii©fw»©seiii© 
dttay ©f a hyp«yf»^witt 
t, ©©soelptltii ©f th« iw«iit 
Hi® ieitftii ditlnttfsatioa ©f i iiwelew fartipMit wm f©w<4 .amettf 
2j3KK3 klfh ©tttyfy ©©Mil© fay itirs* Ih®8© tt®t» mmm»4 In a «ta©li ©f 
1000 alfswii p©Hifl«f ill§m4 ©*S 'Wfeteh had .b®®tt ©xpettd in th© 
®tra^.8|^ere by a «sJtyli©®k« tji^H©®! fllflit., flfwr® 4 ts a pli©t©fira|A &t 
®ir®iit. Ill® initial high mmgf stair A has 22 pir©nfi, iaclwding fiv® 
niiitawi l©«iEinf ts-aekt, fsraf»®iit f wat @J«©t®<4 fr®» stair A, m4 
app«aifs step at p©tot 1» |h« ©©.©©iwiairy stat S has p3t®.nfs I and 2| 
b@th ©f liiieh end in th« pelliel®, 
ixttpt f©* -tt® ®J®ct®d ttnttabl® fmpmnt F| ©tax A is a nesaal high 
®n©rfy e@«ile ray ttajr# 'W© ©tte*- wnttabi® pa.jeticl®8| Bmh as K a®s©ns| 
«f®r« ©bteiFved in ©onjttRetl©*! wiiOt star A# H© «tt«pt was mad® t© aseettain 
a fast atuttal parti.©!® ©*• ©n# ©f fi¥® aintiMJw l©iitzin.g partiei#® 
©aused atair A* 
|h« ftafBewt f apparently stepped at p©iiat !• lhi§ ®pln.i®ii is 
s«pp©tted fey th® abstttc® ©f l»*3fayf alemg th® ttaek, by ikin dom ©f tti® 
tieaefe| and bf th® ptes«n©e of s«til anfl® seattertng near p©int B# Ih® 
63 
Plgasrt 4# |ht initial ray star A a» iwgtiasl# fr«|p»nt f, 
t® rest la th« «aiuision, B# 
•t» By fitted He I and 2, ai»d C]^«i«WiWlf J a 
5  ' S  
I I @ 
wt 

















I  ®  I  
CM 
I I I  





























!  1  
i? 
# 
I  • S  1 « »• 
I  ^  »  
1  8  ^  














• ©  






1  ^  Ik 
^ 0 It 
*t4' 
1 I s 
« N « 
: I I « -g. •*-
$ 
-  t  =  
» «>» 
«  s  
: « 
s s 
:  3  
I  I  I  


















?  I  
i p. 
" f-
f  '  I  
s  I t 
§ 
& 














































! l  
s s ^ 
»** » « « 
r 
» ^ I-










i i I I 
? s 
I  i  I I  









E  I  


















I I ® ^ 
s. f S 3 
8- t 
I  I  
: s 












eliaifti a SKiusi* lndleat«» ®f pattlel# miis* Iht niiibtir ©f 
mma^ In the lnt«r*«l bet«*t«i ind *t is 
n im^/m} « j |k® * {$} 
as flvtn In i#ls«:r»s rtviw asrtlel® ©a 'iwilsl©!* t#©hfil^t:»^^ Ih# n^tati^ii 
us'sd i« tht stindai^ tii«. Hi# ««MtWB «pi«fy ig ©f an ©-fesexvafelt 6-rif is 
dtttwittii toy thf tinsitivity. ®f th® f#r aintMtt-iensitiv# 
emulsions, ig » m* Hit «ii@jrfy W, @f an @bs«wiMe S-jrty l« 4e» 
%mmime4 by th® l®w«st dsteettfele ©aerfy ©f an It follows that 
i,s:l§ kw ix;;iU3 fm pttr|>©s®i herei t^ati©ii (5) »iy mm 
be wtlttwi ai 
B » X#/p* • (6) 
tfe® esfittiait % wist ln©ltti« swell iip»»d®3f«ble» @t ainlaiai <4tt®et»bi« b-m%Y 
wntrgy, ®# mmtm tffieitney ®f ttee @b-
m4 m l» f>3f®cti«t| th« i«ftsity i» ©©apaaptd t© Ifeat 
©f a Mmm eiiite®ti®ft i^t©k. ®t tii® sm® tine In sw®. mm @f plat# 
•by th« tail# nfestsrViKP. Iti® tigftlfleanee of. (6) Is in d«p®«i«i®n«# ef 
tfef <i«Ei$itys p#3faltt ttapwitsa ®f th® pwtiele eharf®. 
&e #xp3e®f®i®n |4) dtts m% ©©uttlii iJi® piaeti«sl® .iiati« ^inwtr, tli® 
faet that tbeare is s «liilia» 3?®si«l«tl irtRf® bei®w b@ %-tty» sr®' ©fe* 
serrtd @I1#W8 ® ftufh msm dttt2mlntti9»* Vht nixiam entxgy that tan bt 
^h, itistir, Um* M©«i, Ffeys, |4, 273 052). 
m 
"I® m electr®!! by « noiirtlatlvistl© i»n #f vel®elty p© if 
Ih® nlniffiwi mmgif tf an ®b«®t¥ibl® ^ fty l« HwiSi If Is less thin 
1,1 m h»mf9 me ••#»! I# p It Itss than a P^j|C*i)f b>*x»yn are it®®! 
if i-etliiaal irtng® t is itat #ian ta® fe-i-ays ai-® s«eii# Ih# 
deptndene® &f is ©xpefiwiiital'•ralii# t# is 
inti^tpt &f #1® (^til nwriJti? ,@f ©bstirted'^wtiys) v«rs»s (residwil 
jttaf®). in ptactle®, ^ ® aitss #f ® ptrkiel® @f lm§m^x is ®fotai»@d by 
its .^ay int@3pe®f>t with tliat ®f a te@*« -Ciilbirstlen tifa^k nsaf-
by» Mass iralttes ©btiin®i in liiis wty a*® swbjfet t© sine® 
int®i?6®pti eiBTOt l>® ietts-wiatd aecwirtttly* 
fi-tsk 1 Slid 2 «3r® ieag mm0 t® •sshOiit mmf lii»i?ays,» IBi® dhirg®s 
wei-® det®»ia®d t© im » sst « 2* Ih® «ass t®t©lMti®i* ®f the intsreept 
iiethed was ti®tii»»iii®d by cawntlftf Si^tys &%m§ stveral stir pr®BfS ©f 
« » 2 ift 'th® SMI® platt* fhet® pattieles w#*# p»biWy @»pa*ti6l«s®« the 
sttndsi'd deviati®!! ®f #iit 3r®s«lttti®n «eii*ve was 9 * »ass«s.t 
Ih® Iwapty inte»epts ®f tarieks k ami 2 yi®W®S wsss valwes $»§ &n4 4»A| 
S' 6 
are8p@etiv#ly» Sifte® H#*^ ®«d 1® ire exciudtd ff@ii eoiisideirationi the nss 
@f pa*ti©le 1 wss ®lth« $ m 4 Cw^th prtbability)! ^® iciss ®f 
partiei® Z m.§ 4 (fii^i ISil ®dds)# Iheref©!'®, f3tm th® '&*3eay aessuEF^ents^j,. 
®P#«sibly 80»© H®^ tirteks e&wid b® lneliid#d» H©wev«3r| hmtim is®-
tepes w»r» •xeladed sin©® is mstsbl® and 1®^ e©ttld be identified by 
by its •p«^eefy, Ih® mass ewe ©btsiwed m» ippr»xi«at®Jly s^Bsetrle afeewt 
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111 
•. ...i 
»-|. iiw* >f» 
isnft ani jifigl® Pata 
Irsek I Itlti? 2 
•125 • l/Z fflie»as •102 •. 1/2 mi®*®iii 
hy » m z i / 2  •130 t V2 
M •5 J- I '•6 1" 1 
Raw Pata X t i •W Jt 1 
f 11 •S?4 • I 
M. • Jt 11 *2^' i 
m. •fl#! • #6 aicieons 
m i .5 •il6.l • .7 
Corrtctfd' ©ati® •If.1 • 3*f ••i^22»9 4#0 
I 
¥ 
-m® •6^,1 • 3,3 
• 
z •I4f #© i S.4 •lio^i 6.? 
m ll@.7 i4f«l aiexdns 
iiuft % ms i 3.f • 10I©*4 t'3.S 
K •,f400 ••6i00 
Cesiaes P ••TO 
T •^•1533 
# 146#3 i t 
^Iht te x'sw data is i^@ ipslieation of tti@ appi^ptitte 
faet®», I « i,12(l 5. *©05| m S » 3#t2C3l g •05|*, 
4itmtim ceslnes tr© 'tt»st ®f the c®rx«ct®«l shett stpitiitsi 
that i», m/^f m/m, mi hz/m* 
70 
iccwaraey.® Ih® «ii©©rtaliiti®s follow f»« th® range wneertaintles. 
The results are 
Alternativ® I » 4aao • .11 Mev « 4S6.3 * .i Mev/e 
Altemitlv® II « 4%42 t .14 Mw » m*3 t Mtv/e (i) 
littler 1 m II itCHe^) « 56.25 • ,12 Mev « U%$ t Mev/e. 
_fc jfc,  ^
Ih# law ©f eoflaes yitldi, foi- ttte teswltunt « P, • Pf| 
, j,^« ^ ^ 2 ?,rae»i® » (9) 
If this w»Bi®»tiin is posseistd isy « tiRfle Btutar®H| values ar# 
Altfirnatlv® I » 3^3,2 1©»8, Mtv/e » ^ .2 ^ 4f2 Mev^ 
(10) 
Alt«ftiatl»t II ' 363.7 i 13.2 ll«*/c ^ « 10.9 t 5.1 M« 
1%i® wi©®iptaii»ti@s In ^ese V8lu@i sx% ®Main®d in %p«ndiK E* 
Int^epfttitleii' 
fra9P«iit f ©an® to jrest lii #i® ©walsion la#f®re its <lls|ftt^®f*ati®ii. 
tti® vtet©* mm of all ®Bej?ftiit particl® aoB^sta «tt«t fee aear©# 
Iftracks I a»d 2 the only vlsiM® pronfs of stir 1| tine® these iiet 
not o@Hiii®®r, ^ ®z-e *$t have b®«i at l®a#t aienewtral pai-tiel® to btlane® 
•t*> obtain MiMgy, coniidar an o.f>artlcl» of the ttm volocity. 
yi«l<ls ig twm Ui® tafel®. fhwi 
if ohtainei* Ih® «®s$ ratio t© fe« flfwei is U3^f not 4/3» 
n 
flit tmt&tim asisi^tlon ts atdt that t single neutron eawiei 
©ff tMs nameiitwi, that tSf 
p i U )  
» 1 i 
Ih® eneiffy 1^ « p3P®»f p«3rtl©le tnerfies i,' and I® yield 
3 
the Q value ®f •tihe. dltlntep-atton sehwie. Sinee pirtlcle I was either He 
m He^i and particle 2 was «e^, #it twt altewtitive s^«»e« wl-tti single 
neutren mission ate 
Alt.rnatl*« I r-» • n • (X68,6 • i,2) Hm 
/ i (12) 
Mt«r*ittlve II F-> Ke • He •••11 + (lliif^ • 5»l) «©»• 
4* li4 
Ihe mass «f the w «e®#fi h«« teten detewlaed 1® be Il9#fe4 i *15 »w# 
3 
A dee«y s©hia»e ef fsee K hfp%mn 
A, _• w" 4 P • mm g «ev. (13) 
Sliiee ^e w* «ai» shewld e^al the aits, tad tJie BewtJrtn is l.2f Mev 
htwlet lilin the py©t®», the was® dlffereniie ( Ac - r) Is flven fcf 
C /\»-» It) « w" Cn « p) (36*92 g .22) Mev « 175*2f • ,27 ««v, 
(U) 
Ihls vatoe will be ©tiled ttie basic e^^itstlem ewesegy ©f beimd Ao hypesr-
fjra^entsi foT { Ae* J-® th® mmw diffexenee between a fyee ne«ts®ii 
and s faree A, hyp«»0n» ix«sept f#r binding ciiexfy effeets, ( /lo« n) should 
M« inlvei'Sity ®f CilifernI® itdiitlen Repeat 
WOlMim, im (mpwblished). 
n. 
be th® #nt*fy diffwwtt to&tmm ^ and 
Iht fi©t that Q it 6l#s# t® C Ae"* «lf f®* «il4iti? alttamativej Is 
d@«bly slpdfietntt 'Ih® hypothesis that the excitation was due 
t© « townd A„l® de«H«d t® tot eenfitwid# Ms®| these tlteiwatlve Q valiies 
are depindtnt ©n having been but one assoeiated aeutaronf the neaor 
afxeefflent @f basie exeltatioa with ^  value strengly s«tP®*t8 this 
issw^ption* Ihe slnfle neutwn «ss»i^tt®n it adopted! the fi-agment ex-» 
citation it asoiribed to « bound the alternative possibilities for the 
ev®at are 
Mtexnative 1 j, Be®-^ Me^ • »e^ • n • Cl6S,6 % 4.2) «ev 
9 i. A 
Ait^native II ^ie^-> • »e^ • n • (174.6 g §a) MfV . 
there is no reason to recite ttiti tte binding of a in ^®e® or 
^ie be the eawe as #ie latt niwitroB binding in ie or Be • In fact, U^e 
difference between basie exeitation and observed Q value is attributed 
prineiptllf t© a difference between and n binding werfies. Consider 
the level feheaet of Fifwe 5* Sf ^ e ev^tit was the disintefratlon of 
/vSe^i tte bindinf ens^gy is i % 4»2 llev| the last neutron 
©f ie® has Sjj « lS«t Mev, Ihe avertfe of ie^ * «e^ f®ir events re­
ported to date l8-'2»3 It ©an be seen should be stable 
afainst 
^ie®->^|le^ * le^ (16) 
even thoufh nonail Be® divides «piolEly by 
le®->He^ • «e^ # mev . (17) 
m 
ALTERNATIVE I 
Q = 168.6 ± 4.2 Mev 
5.1 i 4.2 Mev 
He^ +Ao 







= 0.8 ± 5.1 Mev 








He n 1. 6 Be®+ n 
4.096 
Be^ + n He^+ He^ • n 
Figure 5. Energy levels of the alternative disintegration schemes. 
Energies are in Mev. 
74 
Q 
If tto# mm% was cliflnt«irati®n tf ^ St% the blnilnf enerfy I® 
t 5»i «ev| the last iie*it*®B of ie^ Is b©«nd 1^ Uf «ev, 
Ihese alternative retwlts m there having been @nly •toe tm 
charfed hellwm nwclel and ©ne neutrott frea frtfaent dlslntepratlon* 
Since the charge ®f fragwwBt f wat less than 6, the maxlBWB resldwtl 
charge petsible la l» Any slnfly charted particle w©ttld be light eneufh 
t© appetr at least at i short s^b ^ack in an event of tt»l6 aaergy. 
If the frig»«»t decay were 
• He^ • Sft 
CIS) 
tne neutren mnX4 have I® re»aii» ilMst .iwtietiless to. yield l^e m:»aefita 
and «tierfles ©toeerved. -fhe fractlcn ®f 4»i^artlcle phase space wllii @ae 
particle wearly »ti@iile»s is negliflble# for these reasons it is «©»• 
elMded that n® ©-fcher ©harftd @r new^al particles were pres^at, and that 
Altematlvei I and II are the tnly plawslble dlslntegratlen schwa • 
i., CJ©n«itt»t®iM|: 
ftm liie c®ii«lder#tl®«s pres«ted| it is cenclMed 'thatt 
(1) delayed n@n-«e»®nlc disintefratlon ®f nuclear fragpents can 
definitely be caused by b®w»d Ao decayi 
(2) Ao hyperens can be btwid in S# nacleii 
(33 the bindinf energy ®f the A^ ln this event wai either 




fo* e@i0^sjrls©«, -Ml# last aeutten Mndliif ^metfles a^e 
Cl#®) « I8tf Mm trri (mh * M»v » 
(4) f®faidless ®f »*ilch alt®xfi®tiv« ts tewwst, t paxtici# Is not 
tightly in a ^St Mn4l«f Is pirofcibly ltt§ • th« ttiit 
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pronged stars w@r@ found to be elastic scatterings of stable particles by 
nuclei of the «ulsion, producing a recoil track. Ihere were four stars 
which were not consistent with any knowi scattering sch«@, but were con-
§ 
sistent with the lonf-llved decay ©f 14. | two other stars were consistent 
5 
with ei-ttier the decay of li. or with soae particular scattering scheiae# In 
addition there were four secondary stars s#ilch did not appear to be 
5 
scatterings, Iwt #ilch «l§ht htve been Li decays| however, the tracks 
were too steep to be analyzed accurately so no conclusions could be drawn 
from these events. 
In all cases the Incident track did not exhibit the characteristic 
appearance of a stopping k" or ir* meson. It is unlikely that these second­
ary stars are the decay of an unstable particle- bound In a nuclear fraf«ent. 
Ihie low energy, yet coplanarlty and lateral isowentwrn balance, are Improbable 
frora non-«esonic Ao decay# Ihe absence of light tracks rules out aesonic 
decay# Similar considerations=should apply for the decay of any other un­
stable particle that alght conceivably be bound In a nuclear fragme«t» A 
reaction $uch as extremely i^robable due to the 
couloaA) barrier and the low energy Involved. 
The selected stars Aich were analyzed were ttiose nearly In the plwe 
of the «iulslon, since distortion errors and non-unifora shrinkage are very 
serious for steep heavy tracks. Horizontal angle® were «ea»ured with a 
cross halri dip was Measured with the flne^ focus calibration of the micro-
scopei horizontal projections were »easured with a screw alcroaeter eye­
piece for short tracks and with stage adcroraeter screws.for - longer tracks. 
The Measurement errors are estlisated to be • I® In direction, ±0*5 wlcrons 








i H i  
1 3 I 
Table 5 
5 
SwMaary of Datai ^Ll —• ^ 
Event ' ®a ®p % ^ 
(j.) (ft) Cy) P (Bev/^) 
1 5.4 * 0.5 20.6 • 0.6 41?® l^i + 19® 59 * F 9 • ^4 2.2 • 0.2 
2 66.6 * 0.8 64.1 * 1.3 24? m * 5® 124 • 2® 21 • 25 2.5 * 0.4 
3 ' 5,5 i 0.5 12.3 10.6 34 l6l • 1?® 61 • 2® I 1.? 10*3 
4 2.4 • l.O 45 t. 2 23 107 * 5® 94 • 2® 16 + 19 2.5 # 0.3 
5 3.6 * 0.5 40.6 * 0.6 IZ 145 i 16® m f S ^-3 * 5*^ 
6 27 + 1 149 • 3 105 162 * 11® 1^^ '*•4® If • 2 «*! ~ 2*1 
«- p - ^ ^ 15 • ^ 0.2 •* 0.9 
a - p 496 t 3 64 + 0.5 3lt 171 108 • I® 14 i I? 0.5 10.5 
®lhe range Is iiie distance the faragiaent traveled from the primary t© tiie seeondary star. 
angl# glvw is the angle between IJhe particle track and tte Incidmt frafaent track. Itest 
of the uncertainty co®es froa error in z-«edsurM«nt and In shrinking factor, 
#» 1 ^  
The quantity t is Ui® lifetlae of the fragment in units of lO"" seconds. 
15 t 12® 12.7 
0.8 t 1-4® %5 
3 t 15® 2,2 
19 • 16® 2.0 
22 + 29® 3.3 
9 +4® 4.3 
l.l • 1.3® 
m 
particsle, Its velocity 8t the tlae of decay, and tJie stopping power of 
Msuision# 
5 Bie scatterings wftilch wight appear to be ti decay are those of pro­
tons or light fragaents by the H, C, Nj and 0 nuclei ©f "ttie mialslon# Ihe 
5 type of scattering event «@st likely to be confused with ti decay is 
scattering# All such scatterings wuld have the same «®rgent particle 
identifications and perpendicular momentaa balance M exas^le of 
a»p scattering is included In ftble 5 both to show that the kineiaatic 
intlysis used can resolve decay from scattering and to show ttat the 
»easure«©nt errors assigned (and the treatment given these errors) can 
lead to reasonable results* 
nte possibility of scattering can be definitely ellwinated in tm 
cases without needing the Q value criterion. Events I ^and 2 have &«ray$ 
alorn the track of the fragaent. The 6-ray density curve show the charge 
to be 3 in each case. Furtherwre, the proton track In Event I foes In 
the backward direction, w^ilch Is laposslbl© fr©« an o-p scattering (emulsion 
contains H but no He.) Figures 6 and 7 are p^iotographs of the priaary and 
secondary stars of Event 1. Of particular interest are the gaps In the pro­
ton track. Though such tcatterlngs as il « C were eliminated froM consider­
ation by ^e kinematic criteria, this Indication that eaergent particle 
Ionization was much less than ^ at of a LI ion is welcoaed as supporting 
evidence. Events IH, each inconsistent with wty^knowi scattering scheae, 
5 
satisfy all criteria #jen interpreted as il—> a * p * ^ 2.3 Mev. 
5 Events 5 and 6 could have been either il decays or scatterings. 
5 They satisfy -fte kinematic criteria for ii decayi the Q values and 
81 
Figure 6, The primary star of Event 1, The minimum tracks are those 
of 3 Bev protons. 
$3 
iifetiraes are consistsnt with the above group of decays. However, Ivent § 
could have been a triton-oxygen scattering, Ivent 6 could have been an 
a-p scattering. In teoth cases th© Incident and emergent tracks are too 
•ghort to permit charge «easure»ent. Despite the alternative •possibilltie®, 
these two ctses are Included In -ttie analysis because of their agreement 
§ 
with the four .JLl decays, 
D. Conclusions 
fhe conclusions froa this study are thatt 
fl) four secondary stars frow 10,000 high energy Interactions are 
5 
not explained except as ttie decty U —» « • p • 2,.3 Mev| 
5 (2) two wre evente are consistent wi#i the 1.1 hypothesis, but 
these could have been »catterlngs| 
*12 (3) -Wie average lifetime fr©« all six events i® 5eIO seconds| • 
no satisfactory explanation of thlt long lifetime is apparent. 
i4 
flH, SWMWt 
Soffle @f fwtfieil parepwrtitf #f ancltar tr«©i£ «i, dls-
©wssti btltflf • At%®nti®n 1« aaijnly to #»®8# p*tp®*tl«s je«-
t«lt in iifdtfltant a^Mtafet aM <dis.adv«ntages @f nueltat 
f©x th® iiiirtstis«tt«ii #f fwiifflgRtil pattlel«s» 
#©»»» tts» t*® ieseiPlbid* Some of th® 
sldtraiieits m4 slfBlfieaaet fei" tlit 
®f wwliloii w«ts.| »3f® 
to mpsxlMm%%l ®f th® 3r#n§» #f p»«itiv» 
aesotti tmm. pi «•§©» itttf In ifcitogfuplite «w»Hil®n hat teten ©aiaiiNi 
t.Mt .and Is itsfribti wii ii»e«is<ri[ la tftitil# Ifet dist^tbutten ®f th« 
lOCKSi »ii tanf®« wm% «®ai«ir«d tli««ni m slsnifleant dtviatl^ 
f*©« ii®».allty| ^ a »«»ai Is psrtileted toy ifelir stjriffItaf 
fti# #f iieftti*® tiiametey in #i@ tlstarllnitloii iwSlett®# 
'•©(at #1® I,aiid« ®»<1 pi ffi®s9fi iraititlv# itety feair# 
a«f.llf4fctl« @v«its« fh® pai-iottets ©btalu®*! fmm ti»« 
dittrltetttioR aiee « mm iPisrafe ®f fif • l a stsmiafd i®vl«ti#B «f 
21^,, I • ®»f ^aiNi a itrtislt»f pai*a«»t®y #f (4,84 t *11) 
A e«jryec%l#» t® a»-igi It intlade4 l« #1® .©aiealatlea ®f fh® stytfglltti 
pa.ra«»t®tf tint® fh# liftiri vtted w»m mly Wm w^m&m 
thick* fhli irtlM® ®f sta?affli»f parim®t« If @bt®ift®i in ««6h a way 
that tfftett ®f «iy i^ssttet® a-ttppiftg p^wm iitfmmm h%twm -^e t«® 
Milei@its ii9®i air® tlinlnat^* 
•pi® d#©ay #f n«fatlire pi to |fe@t»it^aplil© ha® feeosi. 
I  i  
f 
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1 
m 
such events ' at# «®t ©xplatfteii by tli® rfltetf ^ abtefptitiii qt scatt«f» 
iiif ©f my kii©wi piftlel## . "Wi#*# «« %m w«iits wiit©h as* «i«.si«twfc 
with #1® 14^ lsypMith«»lS| fcwt ««i>i tii# ha*# hmm iwe t@ seatt»fli*f«» 
©xpl«iati®n «f tti® Itftf If-
m 
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Appendix A# f®sts tm Ststlstleal Sifiiiflean©# 
Iht t®st® im statistieal sigalfietnce htv# been 'tifditd art 
bateil ®n iittribiitiiMa* k mmful netttlen, l» 
MCx|HiGf®)^* « {1} 
mi m 
lC*||i#») « i2m*r^j . 12) 
lh« fwietioii i 3re|««t#nts a p3e®l>eMl4% iifttibutieni f&r the to* 
ttp-ai mm &U p&s&lhl« mlm» is « I, Awy mmsl disttf* 
Imtisii say .bt i» tiiqfite fern 
wlil* 
by tik4»f 
M(yi®,l)iy « niMitip0*)4x I (3) 
Kno.i) . Kxn^fO*) , U) 
y « £x - ^ )/9 • (5) 
tables tf iCy|i|l) tnd iCyfOyl) f@r amy vilwts ®f th® arfiront y sm 
1 
T««4i.ly inrtllaMe* 1^ER«F@F*| if m IS nemally DLSTS'LBUTAI. IWLTJ  ^ aeaii 
and •vai'tan©# piebtbllity f ®f ®btaini«9 a value t«ts4<St 'tti# Halts 
|i • k .aiwS > k -iaay bt obttlntd ft®» 
handbook of Chgmistrv ani Physics (Chemical twbb®* Publishes 60*1 
Ciaiteland, 194.9) j thlrty-flrst tdition, p» 226, 
fO 
l» « I ^  " (6) 
Hils «Qi»tl@ii i« featls tm iiit sifnlftetnee t«sts s^ieJi hsv« be«n 
Madt in ^ li 
In ®if4«r t@ apply fe® fiitntity d«i@ts<l by x fef 
n®wiH,f |®jr «t aw»*«xi»i%tly »©)• fine# the range 
•iistartlmtien »# wm^m imm ^estn ieeny 4t#s B®t 4iffm 
signiiifantlf ttm ® neawii die-teifewtlafii the #s<»lfo*iti®n® are teewn 
f©* iJlie irtrietis •«tl«®tfi's Aleli were efetalneit frt# the ranfe valwei# 
Sifnifi@iii€e' tests hwe been $tppU@4 t® p., |b| €j (a :INnetl®n «f the 
estlnatei third mmmt}f airf Ct |««eti<» ©f the ettiaated feia#* 
It is toewi imm rtfresslen theery 'ttist |
{^esseMes a nemtl dtstritetl@» with mia p C'^e tpie ¥atixe) and varl* 
ante 0*/ Z C^| * J peisesses a ntaial dlstieifciitlen wl#i «eaa ^  and 
variiiifle ir^*| f®* larse tallies| the dlatrttetien ®f ^  ap|«p§aehes very 
clesely a n©r»al dlstrlbiitien wt#» mm ff* and vartanee a(^/C»-i)| f©* 
larfe aa^lesi tn Is ap^rexlnately nemaally distrlbuteii with Man tm& 
and- variance liiCn-i|/(n»*'l)(n*'2|'Cn*3|| f#r larfe i«^lea| is appre-jd* 
aately nesaaily iietribated «4«i neaw zert awl^ variance 24iiCn-l)V 
Cip*2MiEi*3)(ii%||Cn*5)« IBiwe a fir it 'that the ^ entity deneted 
by X aM«t be ««>s«aliy dltlaritoiited im at least appmiMtely «t| ia met 
fm thetf eatiattefi# 
A ®e@®nd .©rit«Fi«» wiat be «ti aaraple frwi. which i^e eatiaiater 
ia ealt-«iated ««i8t be larfe* Inspettien #f the varianeet listed abeve 
sh@«(i that the firat teee ire all fwaetlena ©f #ie trwe varianee ff*, v^ieh 
la ttiwer teewi* Ihe teats are nade by r^latinf idth ita eatlaated 
fl 
vail© Mene© tti® ttqwij-eittiit fill©** liiit ii a«ft b® so ttoat 0* 
Is a f©@(i estlaat© im cr* ani se tiiat th© 3/m t@m teimm th® ©ff©«t ©f 
tb® Mtimmm (0* - 'f©t ©| smi ©^| a mm% ts© lasg© i© that ^ ©iir 
iiitirib«ti©ins b«©©n« nosnal# Sin©© tiie vain©© iT&m C^apt©? 
IV, aar© » » tiid ft » Z§Qf .^e latfa^ai^le ©yitiffloii Is mtt# 
At an ©xwpl© of lii© appli@atl9n ©I ^ © a^i^©4| th© t©$t »ai© In 
S©©ti®ii •©ft th© ilffej?«ftt© b© immih94* |fcj li 
4tstetlrtit©i neiwaJly weaa |ij| p,|j is i4st*tto»t«i mtm&lly wi^ »©afi 
It f©H®ws -iiat iiff©3r«t© dittribiit©4 wi-th 
Man 'I^e wiaiit© ©f feis iislaribiitl©ii it # » 9^^ • €|^ * » 
•tt!©' toiyp®tlie©i» ti wai©' ^Biat ^|*P|| * ®| th* p»baSsHity P ©f ©btaininf 
a« laff© ©3f laiff©* <ii##©t«©«t HJii® |i|**Pj| is ealtuiat©^ wtliig 9%mUm 
(6)., Si&stittttiiif til© yalM©! fxm ©»© way pz*©©©©*! 
fe^^tlieslst 'ji,| - '• § 
nfclth ii e^iwleiit t© M(4»t/3*3| §, l) 
f « i - aiC4»f/|.|| ®, I) « I - 2(^42) « .16 • (?) 
Hitts 1^© p»toaMllty fit ©Mtlnifiii as Imrf© m latf^ diffftxenees l»©t«Mi©ii 
ji| and is Itiis vai«« i» ftiited at tpparexlawit© b«eaii8« ©f th© 
Hi© ©f ©itiiiat©© Sa * « Wf*' ani 0a * » 2.ti* tath©* ^ aa the t*w© 
H Hi ' 
CiMit wtow««| -yariaRs^i.. 
It i© ©tin -iie^ettairy %©• lia»© s©m ©»lt©tl®» im a©©<^tawB© ©f th© 
2 h5rp®th©ii#| fiir«i p*©bitoility P. Ih© *i«r ©f fii&Br is a<i©pt©d hetei 
% A« Fiiher, (Rafner 
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1# Ineertaintiet fey the Isttoators jt and 0* 
Ihe wfibl«i®d eftl«at©ts |i 'miii* are distrllwittd absut ^  and cr*. Ih# 
estimate's, and th@ ttandwd dtv-iati^ns ®f thtir distfilwtldns, a»e 9iv«n 
br 
I' • » t \/^ Ci) 
|s « ^ + 3ra , (2) 
t#)«re M| is ti)e i*th measurtd rangt* Hiest wie@3rtalntie$ ate due t@ ran* 
d®m statistical fluetuati©ns mly, H©wevtX| if ea@h H| contains smm 
non-rtnd®® #w©r| tlies® values emf need t© be B«idifled# Ibe applicatien 
©f a shjfinkafe faet«e «»ith n@»-8er® mxm t© ©btain i-wfes ptesenti such 
a 8itwiti«a« 
Shrinkage faeteir error wiil always b® preaent, wflhether the faeter it 
©btained by regression analysis ®r by direct ®tasurement. Ihe resultimt 
err@ra in range are not ri8»iiMaly diatributed abeut ier®| liiey consittently 
displace a sieaaured range ll| fr^ the true range T| in Hie aame direction* 
Ihus ttjere ©bviottslif wust be a c©iE^nent of the uncertainty for ^  toat 
d^«ndt on shrinkafe error «• It la possible U calculate this coi^nffint. 
It is alt® pesaible calculate IJbe contribution of s t© #ie mcertainty 
of S®, and sh®w that thl« is nefligible. 
Hie develoj^ent here is sioilar t® that in Section IVtC.a. Wiere the 
t3fue range was 
t » • 4y^* # S^« 3^^ , C3) 
n 
nought is avaiiabie Iwt the measurnd Jfarif# 
ZCMj* • Ayj* # (S^ % «|» A«j* . (4) 
It shimid fee lifted that| ^ ©ufh tseatmentf a*-® sinilavi tte n@tatl©n 
and pw^ses ©f the tm seetieiit differ* la the eaxlltsp section| the in* 
terest wat in efetaining a linear fQ» arelating t»]e jrange Rf aserihed 
A 
range tf and dip index d f® tA?at th® tsti»tted regressien ceefficient |
¥K®«ld yield an estimated cerreetien § te an arbitirary ehjeinkage faetou S, 
and h®«ce e©Kre6t«i tanges i|# Ihe interest hete is in ©btaining a lineaar 
fetffi reiatinf tme sranf# 7, neasiired tange H, and dip index d so that 
tlie effect ®f ew©r ^  in -tti© fflea«urtd shyinkage faetoir «ay be con­
sidered liien aesipiinf wneertilntiet estiaai^ra )l and 
ly ttsinf the appresiiaations ®f and by treating (3) and (4) 
above similarly t© and CW«©#l4)j ^ e eepaation analo^^us t© 
? » « - Cp t <l)«^ I C5) 
with 
t* tst 
2C62a* • ^ 1/2 
and m 
2m q m 
ZZ $2A* * S« 3^^/^ 
may be obtained. Bierefore Ihe quantitie® for the i-#i evi^t are related 
by 
II « "l - (p i q)<li . (7) 
95 
Since p and q •*« ©onstants in a plate, the average ©vex til events in a 
pXatt »ay fee *wpitt«i 
Cp t • C8) 
Hi# mean f  &f time iroafes is n®t tooi«i| li@wev#r, f  i® distributed alK>wl 
the toie diit3Pib«ti#n fwietlwi i^in with stiwdiad d^vlatlim ir/Vn"# 1h# 
desired e^atien is -titettfert 
A p, * um mm • ^  • pd i qd. C9) 
It is «f^ajrffl»t ^at if m is iairfei the shtinMage tiftes ©©iq^neBt ^  ^  msf 
nake a si^nlfieant 6imtieib«tl#n t© the t#tai uneertainty* 
IJie appftpiriate values 
Plat# I n » ?§© 
®a i « * 
if 
p « ,mi3 
^ » .OOfl 
»j« 59i.4 
ffj» « S25*§ 
d- « 252.® 
nate II n 250 
8^ ® .21 
29 
p « .00042 
(10) 
.0069 
h i -  "3.7 
Ojj»« 897.A 
3l,« 304.6 
axre needed detetnine the laafnityde and signifieanet @1 shrinkage 
«wmt effects. Ihe ©greeted raafes 1^ ®f the eairiier seetieii are taken 
t@ be l&t aetsured ranfes ^  ©f ttis sectien. "Pie reswltsi tidauiated 
ffe 
f0x> ccMipaz'is#n,art 
Plate 1 Plate II 
t ¥ t U 3  Z 
I m4 
'4M» pi •03 •13 
"Oi© shift In »ein pi is nefliglbl# ma^meA to I» The <mct*tainty c©®*-
penent • is actually largei- than the ©@«p©Bent tmm statistical 
fluetwatiena# Since these eej^nents are Independ^it, th^ aay fee eea-
bined by squarinf and addlnf* Hewever, the foa® 0*/^ *'111 b® retained 
t© »aintain the distin@tl©n betwe^ statiftieai flwetwations and total 
uncertainty* 
Hie esti«at®rs and wcertaintles are new fiven by 
Jj « t| t ^0jVn • 1,3* (12) 
gjj « f|j t • 2»1» . (13) 
Hiough ^ e experimental values of the aean and variance were uted for coffl* 
parisoni titie shrinkage uncertainty ©eis^nent la independent ©f these# 
Hence this co^^nent would be valid for any 206 nlcron plate with the s«3M» 
shrinkage factor and uncertainty. 
A similar analyels ««y be »ade for Hiing eqfuatlont (7) and (8)| 
one nay ime^ite 
^ ECt| m ^ EC(% • i) (p X - 53 .(U) 
f? 
If the i^art li expmdadi tht ttsuj.1 It 
^ H\ - i)' - ^  (Ent* - nff") - 2 
( 1 5 )  
Afalrt, l^e trwe tangas afe net iai®«a| but th« quantity 
dlatriiwita*! abeiit t*«® vaylanea #* with standaid daviatlon 
7hemt§m 
^ m) 
Is -yie dtdlrad e<faatlM« 
1h« teinkagt unetxtalntf tffeets m ean ha avaluated using valuta 
itm ilQ) and data s*s imm CW.»t3f) and Wit *«swltt| 
tahulatad fair e^arisoni a»» 
Plata I Plat# II 
J;, 0" ^  2/Cn-l) t 1 ®3*4 
t m i  t  h i  *  3f6 (It) 
a* S25,5 #?,4 
®CP»P*|€J*) •1*©2 *3.66 
Iha shsrinkafa uneartalnty «s©«^nent ;• F(n) is the sw ®f all tero® in 
equatinn (16) -Wiat have the eaefficlant 2; % "H*® eeneeet s-elative 8i®n 
(ifc®*! * ®3r ~) has b«®n pi-aseivtd in takinf ^ i» #«. Iha shift in 
va»lan©« QCpfp'i^*) is th# tiai ©f lisa r«alnlnf p aid q tatas ia (16). 
mia cw^intd lancaytalnty in voelanea f®p Plate I is • 42.7| f©* 
Plate II, it is • Ih# increase in uncertainty dwe to shrinkage 
errer effect® is ©isviowtly neglifible. Sine® ^le shift in variance is •« 
small chared t© 0* and t© the wieertainty in variancei this effect @f 
shrinkage is deeped nefligible tls©« 
Ihe estimators and tancertainties f®r the variances are new given by 
®j* » ^pi* • t (IS) 
"She conclusien is drawn fr©« liiis analysis that the effects @f shrinkage 
faeter error ©n the esti«at©r ^  are nefllglble f@r any 300 «icr®n plate | 
provided the faster, shrinkage wneertainty, and estinated variance are 
about ^ e saite as those considered here. 
In swmaryi Ihe correct Mncertalntles for estiaators p and ^  are 
given in eqiiatiws (12), (13) | (18), and (lt)» Account has been taken of 
bott statistical fluctuations «ad shrinkage error effects, iquation (12) 
or (13) should be valid f@r any 200 micron plate with the saae shrinkage 
factor ami uncertainty* Iquations (li) and (19) should be valid for mf 
200 micron plate wilAi about the sane shrinkage factori «^rinkage uiieertainty, 
and estimated variance as those considered here* these conclusions do not 
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^Ci) » • CI - CI) 
Ihls givei 4tfimmm y»^mm N{|t,<r®) pkJ t© »®«©n(i ®»(Sw| twb» 
stitutiw ®f vtlwes wt^ia tlit liwits encowit«f«i in lhi» t3q?erl»«it sh&m 
this iiff#ir«ii«# %s h@ tselvtsl# 
fm fttt^tsr ©@iifl»«ati®ii ©f -ttt p^ietleal ©^Ivaitne# »f ««i 
ia»# txtet ilfferenc® MR) is tstMlat«4 btl®w imt lii# ca®« jpt « 
and #* * 9^9 lh#8« it# tt® f®i««s fetsB -tti# es^ptirlatnt# Ih® dlf* 
fmmm$ at® 
&c«) *.0001 -.0003 -.0{»3 *l«i •.,0003 -•iOOI. 
Ihtst difftfett#®# ar® litflifiM® I® •» ®f ITO jeiBfe®. 
Wf tnalfsis, lii® ®«e|«sl®iit a*-® tet#t®4 ttwiti 
it) a n®t«al dis^iteutitn ®f in a Ihln piat® iB^lles a newaal 
dlstriburtion @f in Infinitt -eMltitni 
(2| if tli® liiift plat® distrifeitl©!! has ¥«ri«iet the infinitt 
•«awlii®fi has vasiane# 
i3l if 1i»@ thin plat® dist»ib«ti« h®» Bi»tn |4| ,th® infinite i«il®i#n 
dist3elbttti®n hi® m»m p, * «r*/p,« 
A 8®yi®f «i£pifi$i®n #f &h#«ii that Ife® Imqnst ntn-^aniiAiiiif tea# 
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tht fW iata and the IBS d«ta air® 
i •111 p«f®tat CIf#i,S9) 
ti^ 
^WfW ^  • Cl) 
Thetft values art ®oii«istwt| pxe-baMlity &t 0Mainiii§ as laarft m 
laiTfdv 4lff«teii#ti Atn *^8 ti-u# vslmes |»^ tndi f|^ av® fipal is 
$ifi@« thiirt 1$ no g yieri ireason ftt ptstulatltif ttiat larget diftox'tiofi 
oe^iarte^ in @i<lbiit tat #f (toth t^fttttents »•««) llfor^l Q^Z 
«mlsi«ns| iiltxtiis thif eefiilatwiy it ttktn «s 8})@wiitg -ti^at 
di»t@?ti@n wa$ ndt fiiPiifi«!.aiitly difltteftt im tht tm ei^z-imiRts* 
Bit tKpttljMt #1 fsy md l^itt| and tii@ trtats^itf Itatiinf to fiit 
estSjsatts mci f k«@fi dttetiM in 4ttail in GSbaptts IV <. A 
fm @eiieti»iliif ttie fficpttinent ®f Bafl;a»} Mmhsmf and SiiiOi ai^ 
teanalysis ©f l^-tir data will fot Md® heirt* In efdti't© aliew im 
atopp'iag ^ mw vatiatleRi W ii@x»ali2«d fht data fx^K taeh plate t# a 
Man «l §99 taelt 'rang# in tlh« i*th plate was sNiltipliid lay l^t 
faet^x* S^^|f » i|* l!ie ^imaliiiNi' tMftt w«rt |^@@ltd int@ 
tinglt A thin «iiMlai<^ waa nadt in '^t 'hlat@pran ®f 
titis ainglt «aipl»| fht nwil^tjr @f tvanti 'in a ara^ft intt^al waa nMlti* 
plitd fcf' ^/ii iAtJPt U it th# «f intisnral*^ Itoi® mi^ed 
@f ©Maining a hist@ii^«n t© f^tes^ant .rmfs dls'&i^ti@ii is ax'bitfaty 
witb tmpmt %i man,* . valut «l p tfetulil n»t Im dianfad 
1^ thii pme@4m0, finally| miS tttinattd p (titm 'Hit Mittfirm) t© bt 
th« valtt® $ivm as 
§ Mm i»i1to Cpfipivtte ©®w«»leati«n)9 Berkeley, California, 1955. 
im 
Iht ff If #P»3Cb) ,»ty fe« ipplled to tiit BIS data ^  
yi«ld m M p fmm IlitlJf #iat it ind^^ndwit ef mf 
sti^plnf piwtr iffttts# fabl® 6 *h® i»®6««s«ry dat«. IJie «sti-
wnm 
' ( H » ^  
it fm l-th plat®,# Itots® #ttt»ates «r# wtifhttd by 
(ii|»l)/Cili«l:) m4 ittMiMii# t#t«l utti&it #f is «| 
@f plates it ki Hi# mlms, ©f Had as# §l.vm i» T«M« % 
|h# etttast# ®f p* «btalRtd liy ^i«. mtttied ft« tJi# MS dtti ii 
niiiib fivft 
^iW|i * » iU 
libit valwt| 1$ iwm ftm pmm miA4 &9m ^Im 
a sttitililft «dti»ate fsi^a the lilS mpm$mnt* 
In stmafyt Ih« valia@ «tottiii(^ iarkat| iisi&ai«| and is 
* C4i.5S % •14) 'pesemt* Ihls valw difftts ft®« ihe ibtti vain® tm 
«3tpeirlM®t @# fxf «Bd «hit®, t *11) pm^m%% •^e dlf-» 
{@tmm betvitm l^ete vaiti^s ippi»ai^&s sifiifiiaiiet* If tihe sane nethei 
that.was wsed t« <ibt«itt is applied %» #e MS- data, ®fte ®btai»s 
^WS|* " pe»®ttt. Iliis valtte is »»t iipilfleantly dlffei?«it 
fmm ^ 0 • f*®» this laek #f sifiilfleanee it is mm^lwieA that dis*-
torllefi etseirt' wete net signifieaatly dlfferi«it im th® "bm «xpetlji«its« 
m 
Ih# Otta ©f larfct®! lt»bawi| and SbI-Ki 
fhe«« d-ita m@ *®pi"9i*«s®i ftm Tabie- fill, wtitloii 
has Nmkb eh»sed to mnimm t® that wstd In ^ ipter Wi aad l^sls apptradix. 
i % 
A ^ A 
V  m 
al«»«s alwns* ffiltsens A 
I % ma ^.31 4,f p@re«nt l»0i5 
2,. 62 ft 9¥7»„W A,l i.oi© 
3 2S m^m 4^2 0.f82 
•4 m miM Sfi-2 4*4 
5 Tl »3.f m4m »5.l 4,9 4,O0f 
$ m mh3$ »•! 4.4 umz 
7 56' Sf2,3 mh$$ ms 4.4 imi 
a 50 m.3 m%6 4*3 um 
9 f3 •U3f,f6 m*f 1.6. um 
m .24 ma 4i4«0i 3.6 i»o0a 
11 m i©4,J mil m%$ 4f6 §mi 
i.2 32 fl3.-3S m$nA 4^5 1.011 
lOf 
tef l^e ittfeti tl $m%im If,D#3'(l&| 
llils wiiteei «ii«iattts th« tf#«ctt «f pewtr ws-latl®®* 
i a t % 
1 am 24»0§t3»fl 3*3©4 t .540 xl§"^ 
2 au? m,m t i#o4 l.#?? t .34© 
3 t«H4i • 5.i4 t 
4 If •45 14,# I.IS4 1 •»§ 
§ •llf2 3»31i t .548 
4 .©54f if .62 •. l»0?f ^  #21® 
f • tWf m*M * 3*n i,m t •m 
i IBM X:3M t 
f .mm 3lm4$ J; $#21 3*§lt t .Ifl 
If mm la,# 4 3,m ,m t .m 
11 .§§49 21,-34 t 5*» lill® t •302 
la ,0m ait261 fas last t 
Kio*^ 
®llit ®<|iaaft tmt @f •«» ®f IMfet iist ©tlwn t« ^ 8i^S 'lii ^ 
m 
i&w »t©ppiiif p©w« was «ai« ISS in @totaliil»f theit 
irtltt#! th® M©th®<l «ppli«4 to ^ •It data In this ellfflinatsd 
st®f»ptttf ]^mr &itm%9» Mewmmf the s#!i«lt» @btii»««l fr©» fit® sa«® 
4$U If im aiifetmt app»Oi#»®« tm tianillnf- •'^pipliif |»w«r va^iatltn 
Mm mt #i« iMit# 
im 
i. Ittifles, Brr«s, md Iitoltlpit $©atti»li*9 
Bit mmtdimtm mi tm pwlat® ca» b« aretsw^ed ^It# 
aeewrately wndtr -tht wlcaftsee^p®# If ^e»t p©liits isrs ith» ©rifln ®f 
a lartek) ®i^ (stae 'tirbltwry p®lnt a rtissmWt dlstane® altag 
tyaek) thill Cy^ - y^lf and Ci^ * ^ 
th« dii?teti«ii e®il«#s @f #i« ^ tek* ly 'tiilftf 
mm m m^9ii • p,|, • tiTi f 
m§ m%f tbtste -tti® •Pfl# tm ttteks* iewev®!?, aaitlpl® scattei?* 
ing si^ag th# s«pw8at p^ t@ p^ laist fet t®w #@x #ils im giv® 
ae6«*att »«swlts, 
mi® iitasttitiw pp06td*»« Is t& ttt® aw. «ytpl«e» -iWis 'hiir t© de-
ttxaiii® »«y ditteti0»|. -iwid th« flnt mltbmtiMm t© dtt#»#iii® •ttit 
dip mvm^tim* If cotss htis Is #«t tanfent to 'th# tt®©k at point 
Pg, ttils -wfetd Is neatly tedtp^adeat @f imiltlplt #©itt«ttas*' Sine# 
Stteh a settinf e«»»% to® aid# v«ry ais««tt«iy, a net# c©«»r» p»««ii»e 
Is te allpi tfe© tmm halt with iiie track mm im Initial S'tfoent. ten* 
tallied witkilB ©n# fl®ld #f wim* Sa^h a p»6idw« Is iRali®f®iis t© tt® 
e®o.3rdintte »ttii@d| th® tHpi.«d s«gm»t e«i»«sp©iidlB§ t© • p^)# Thm 
the x>ttatl£S In this ippMdln til ikt w@«irt«lnty @1 aiifiet and wiltlplt 
««att#tlftf thtwld tot valid im mmt angwit* a«a«ia«(»ts« 
lift w, ,• ^  f *t • • and x % »®ptt»eftt tht ®®^eiit e®«p®««iits. 
f 1 I 
aad w*«ettalfttl®t fm ttitk i# l»«t to t r®p]r«s«(t e#ii and itti«»i?tatiity.^ 
t 1$ th« anfle ]3«tw»«i -txmM I 2* Hiwt Is a l@xmla f®ar 
propofatlen of errors 
(2) 
Mlilch Is valid »<ii@n the errors- are «9tH» Sine® 
m » a,% • p,pa • TiTt» «i « «<(«/ • (3) 
(and «0 forth) 
the partial dtrivatiwi »ay be calculated. S«b«titutl@n ef the segaent 
coi^nentf and wic#rtalnti®8 thwa Itads to th@ error in to due solely to 
trror In eoordlnat© a#asttr©«ent. It showld be mentioned Ifcat a process 
of asslgnlnf iincertalnties to a| p, and y froa the eoordinat© uncertain­
ties, then c<M»Mnlnf th® direction eotine uncertainties by the usual 
squaring and adding procedure® and eqwitlon {1), does not lead to a 
correct result. The uncertainties (e.f,, of a,, p,, and Yi) "ot in» 
dependent. 
«lth ^ e identifications 
&X « - xj m « (y^ - yg) hz ^  (2^ - z^) , (4) 
the data of Table 4 «ay be used to evtluate equation (2) for the non-
laesonic decay of a berylliua hyperfraf«@nt of Chapter ?1. _The result is 
« ,003$ . (5) 
However, this wicertainty is due to errors in seg»ent measureraent only, 
Multiple scattering effects are not Included. 
If a particle suffers awltiple scattering, the chord from p^'t® p^ 
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» 1,24® m ftf p@rtlcl@ 1 was m (f) 
The vtlM« 
im 
is arMtr«ilY tik«R m th® wncti-ialiity in # fm ttllmmtim, 
Iht basi® tipatlttn f®J? ii®lntiit«tl@in ktii«a«ties it 
• Pi* * F'i* • * (ii) 
A partial diff»if«atial ®ipiti©n im ^p®fstl®n ®f «»©3rs siailar t® 
(2) fflty als® be apj^lifsl in this etst« i»« ©btilnf 
sj # * 4CP, • )* • 4Cfa • }* • 4P,%a*i%3)* » Cl2) 
n < ' • 
S*ibstit«ii0fi yieWf 
Alt«rnattve I ^ • ||Ci4)* • C2t2)» • (?870)« (mvM* 
" Ci3) 
Alt«yiiitiw II t t « Vci®!)* • C24fP * (96;^)* 
% 
Obvieusly, th# angl® tjpr©* »ipl®t®ly pr®d@»ini%«s over th® • 
®i®®* e©atp@n«iits fmm p«rliel«t I and 2# Hi® ei*©* in f>^* 
divided by iH^ is th@ «n®jrfy #»©*| divided by it is th® 
Btttteoa iommtm ««r©jr# Ifet 3r®tttlt® sort' 
I iKjg * 4*2 Wtf * 10«i Um/t 
^ " (U) 
Mtetnativ® II «• f,i M«v ip « 13.2 »»v/e * 
m 
Hies® «# th# d©»laafit «2nr®jrs in ttj« klf»««tlc» @f ..the hypearfarapsettt dl$-> 
It Is eonelttded ttistt 
• Cl) the tafttliue ««r®y ®f tot stf»®nt iwi.saf.lni »ito®d Is telatlwly 
small, ittd nay 'be «ale«l®t# firow-to.© e#®t«iio®tt #rr©ys.| 
(2) tot »«tirtal«ty Ifi .pii-tlel® <ltt«€ti@ii 4m t©- -attltlple seatterSng 
pliys a ».ifnlfl««nt »l« In to® mx-m ®f triek aagle®! 
{I) f®3r to# hyperfraipeftt dtety ®f CSiapter fl, toe *aieextaifttl©s lifi 
dlsiRtegaettien kinwiatl#® tre al»®$t tts^lttely d®|»«iidiM»t wptn to© total 
mcertainty In toe iftflt between to® tm t3?«sks* 
